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The striking deposition of medullary bone that occurs in female 
birds during the preovulatory stage of the egg-laying cycle was first 
reported in 1934 by Kyes and Potter.’ The pigeon, the bird in which 
these changes were observed, has been extensively studied by several 
investigators.** With minor variations these findings have been con- 
firmed in the chicken,® duck,® quail,’ and sparrow.”* The literature 
has been ably reviewed by the Silberbergs.® 

During the past 3 years, over 1,300 Shell Parakeets, Melopsittacus 
undulatus, have been subjected to gross and histologic examination in 
this laboratory. It was noted that in the female parakeet medullary 
bone formation similar to that described in other birds occurs during 
the egg-laying cycle (Figs. 1 and 2). In addition, a remarkable 
exophytic overgrowth of bone was encountered in 21 of the hens 


(Table I). None of these birds was in active egg production at the 


time of necropsy. 
Psy MATERIAL AND METHODS 


The birds were received during the period November, 1954, to April, 
1958, from all sections of the United States and were genetically un- 
related. Roentgenograms were made post mortem since in most in- 
stances the lesions were discovered at necropsy. Tissues were fixed 
in ro per cent formalin, the bones were decalcified in a mixture of 10 
per cent sodium citrate and 25 per cent formic acid. Stains were hema- 
toxylin and eosin and Giemsa. For x-ray diffraction studies, the cortex 
from femurs of male birds provided normal bone; medullary bone was 
obtained from the femurs of hens during the preovulatory period. The 
cortex was ground away leaving the medullary bone intact. Specimens 
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of cortex, medullary bone, and hyperostosis were thoroughly cleaned, 
washed and dried. Diffractograms of the powdered bone were pre- 
pared by Dr. Erwin Eichen in the Metallurgical Laboratory of Ohio 
State University. 

To obtain enough blood for chemical analysis it was necessary to 
exsanguinate the birds by cardiac puncture. Total serum calcium was 
determined by the method of Clark and Collip’®; total serum inorganic 
phosphate by the procedure of Fiske and Subbarow." For serum alka- 
line phosphatase levels, expressed in King-Armstrong units, a modifi- 
cation of the method of Benotti, Rosenberg and Dewey” was used. 
Even with exsanguination, only 1.0 to 1.5 ml. of blood could be drawn 
from a single bird; therefore, no more than any two of these tests could 
be carried out on the same specimen. 


SPONTANEOUS HyYPEROSTOSIS 


Although these lesions were usually discovered at necropsy, in sev- 
eral cases the diagnosis was suspected in the living bird. One of these 
(no. 3) was kept under observation 2% months, but no definite change 
in the size of the lesions could be recognized. A striking sign of hyper- 
ostosis noted in the live bird was exophthalmos due to the presence of 
bony masses growing from the orbital bones. When first seen, this was 
mistaken for the more frequently occurring retro-orbital extension of a 
pituitary tumor, a neoplasm that is quite common in the parakeet.” 
The exophthalmos may be partly obscured by overgrowth of the orbital 
ridges accompanied by a marked increase of the transverse diameter 
of the skull and of the interocular distance (Figs. 3 and 4). In one 
bird, blindness was due to pressure on the optic nerves, resulting from 
encroachment of bone on the optic foramens. Similar lesions affecting 
the intervertebral foramens led to paralysis of a leg in two cases. How- 
ever, leg paralysis in the parakeet is more frequently the result of 
neural invasion by a renal cancer; indeed, in one instance both lesions 
were present. Bony masses occurring elsewhere than on the skull are 
usually hidden by feathers; occasionally large growths on the sternum 
may be felt during casual handling of the bird. 

Because these were necropsy observations, blood chemical determi- 
nations were rarely made. In one bird (no. 9) the serum phosphorus 
of 3.2 mg. per hundred cc. was in the normal range; in another bird 
(no. 18) the serum calcium level was 8.0 mg. per hundred cc., also 
within normal limits. In both birds the alkaline phosphatase which in 
the non-laying female may be as high as 20 King-Armstrong (K-A) 
units, was elevated to 57.7 and 165 K-A units respectively. 
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Gross Description 


The bones most often affected were those of the axial skeleton: 
sternum, sacrum, skull, ribs, vertebrae and hyoid, in descending order 
of frequency (Table I). Of the appendicular skeleton, the pelvis, 
coracoid, and humerus were more often involved than the femur, 
tibiotarsus, radius, and ulna. No lesions were encountered on the distal 
wing bones or those of the feet. 

The distribution and some of the gross characteristics of the bony 
overgrowths may be seen in roentgenograms (Figs. 5 to 8, and 10). 
When the hyperostoses were small, large amounts of medullary bone 
were present (Fig. 5); with larger lesions this was less evident (Figs. 
6 to 8). The affected ribs often showed a diffuse fusiform enlargement 
(Figs. 7 and 8) with a smooth surface (Fig. 9). A diffuse nodular 
thickening was also observed on the calvarium (Fig. 4); however, 
surface irregularities might be absent, and only a marked widening 
and increased density of the diploé noted (Fig. 10). 

In the synsacrum (fused lumbar and sacral vertebrae), the hyper- 
ostosis was characteristically granular, sand-like in appearance, and 
extended vertically into the region of the kidneys. The largest bony 
masses were found on the sternum where they were usually multiple 
and reached a diameter of 2.5 cm. (Fig. 10). The surface was smooth, 
and the masses in some instances grew posteriorly into the thorax 
(Fig. 11) or anteriorly to displace the heavy pectoral muscles (Fig. 
12). Although on first inspection all hyperostoses appeared intimately 
fused with the underlying bone, in some instances they could be pried 
free, following a line of cleavage between the osteophyte and normal 
bone. 

No gross changes were observed in other organs which might be 
regarded as a characteristic accompaniment of the hyperostoses. No 
abnormalities were found in the lung that would link the hyperostoses 
to hypertrophic pulmonary osteoarthropathy. The pituitary, thyroids, 
and adrenals were normal, both by weight and microscopic structure. 
Despite careful examination, an ovarian abnormality was found in only 
3 birds (nos. 11, 15, 21); in each of these the ovary bore numerous 
2 to 5 mm. cysts. Associated neoplasms were found in 3 birds: an islet 
cell tumor of the pancreas (no. 11), a renal adenocarcinoma (no. 16), 
and a fibrosarcoma of the kidney and spleen (no. 19). In no instance 
has there been evidence of malignant change in the hyperostoses. Three 
cases of osteogenic sarcoma in parakeets examined in this laboratory 
failed to show hyperostosis on other bones. 
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Soft tissue calcifications such as occur in the lungs and kidneys in 
hypervitaminosis D were never seen, nor was there evidence of hypo- 
vitaminosis A in affected birds. 


Microscopic Description 


The histologic appearance of the hyperostoses was varied. The ac- 
tively growing lesion was composed of irregular, interlacing trabeculae 
of bone and osteoid, with prominent cement lines attesting to the extent 
and rapidity of the structural changes (Fig. 13). At the periphery 
were several layers of elongate fusiform cells in process of differentia- 
tion into osteocytes (Fig. 14) and occasionally into chondrocytes (Fig. 
15). The adjacent muscle showed none of the degenerative alterations 
and inflammatory cell infiltrations that characterize myositis ossificans 
(Fig. 14). In some areas fibrocytes and reticulum cells formed a 
prominent part of the lesion, and palisades of osteoblasts were apposed 
to the newly formed bone (Fig. 16). However, even in these regions 
of fibroblastic proliferation and bone formation there were foci of bone 
destruction, identified by the accumulation of multinucleate osteoclasts. 
Islands of hematopoietic tissue were also present. 

In some hyperostoses active growth had apparently ceased; the bone 
was dense and did not take the deep blue color of young bone when 
stained with Giemsa stain. Most of the osteoblasts had become mature 
osteocytes incarcerated in the bone; only a few fibrocytes and reticulum 
cells remained in the narrow interstices that conveyed the nutrient 
vessels (Fig. 17). When examined with the polarizing microscope, the 
normal cortical bone of the parakeet shows double refraction due to 
the presence of broad bands of collagen fibers in linear orientation. In 
the hyperostoses, as well as in the medullary bone deposited during 
egg laying, double refraction was rarely seen, indicating lack of orienta- 
tion of the collagen. 

In many areas fusion between normal cortical bone and hyperostosis 
was such that the boundary between them could not be recognized. 
Occasionally, however, a broad cement line separated the two, and a 
cleft might appear during preparation of the tissue (Fig. 17). This is 
consistent with the observation that some of the hyperostoses could be 
pried free from the underlying bone. 

Of particular interest was the observation that the degree of growth 
activity and bone formation in hyperostoses was not always a reflection 
of similar changes within the medullary cavity. In several instances in 
which there was very active bone formation in the hyperostoses, no 
medullary bone was present in shafts of the long bones. 
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X-Ray Diffraction Patterns 


Because of the very rapid formation and subsequent destruction of 
medullary bone during the egg-laying cycle, it appeared possible that 
the composition of this provisional bone differed from that of the cor- 
tex. Some support for this was offered by Reed, Reed and Gardner,"* 
who found that in medullary bone deposited within the femurs of mice 
receiving stilbestrol, the x-ray diffraction pattern carried some promi- 
nent lines characteristic of powdered egg shell (Ca CO;). These were 
absent in diffractograms of normal cortical bone. These authors con- 
cluded that the medullary bone of the mice represented a progressive 
deposition of a disoriented mixture of Ca CO; and variable amounts 
of apatite. 

The x-ray diffraction patterns obtained by Dr. E. Eichen with the 
parakeet bone submitted to him, whether of cortex, medulla, or a 
hyperostosis, were all identical and differed strikingly from that of 
parakeet egg shell (Fig. 18). In the diffractogram of each sample of 
bone, a single very faint line equivalent to the strongest line in the egg 
shell pattern probably represented a Ca CO, line. 

The identity of the diffractograms of the normal cortical bone and 
that of the hyperostoses in parakeets is similar to the observations of 
others with human bone. Brandenberger and Schinz*® observed that 
in a wide variety of bone lesions, including osteitis fibrosa cystica, 
osteomyelitis, rickets, Paget’s disease, and osteopetrosis there was no 
abnormality of the x-ray diffraction pattern. 


EXPERIMENTAL INDUCTION OF HYPEROSTOSES 


Hypervitaminosis D is often associated with soft tissue calcification 
and even bone formation. To determine its relation, if any, to hyper- 
ostosis in the parakeet, large doses of vitamin D, were administered to 
4 female and 4 male birds. Each received two intramuscular injections 
of 50,000 units of vitamin D, at an interval of a week, followed one 
week later by a final injection of 100,000 units. Roentgenograms made 
after one month were negative. The birds were sacrificed when 3 
months had elapsed since the last injection. Neither on the post- 
mortem roentgenograms nor on gross and microscopic examination 
was there evidence of medullary or periosteal bone formation. 

In view of the striking deposition of medullary bone in the hen 
parakeet during the egg-laying period, and because the hyperostoses 
have been found only in females, it appears likely that the induction 
of the bone lesion is associated with some hormonal disturbance, prob- 
ably linked with estrogens. 

Stilbestrol, when administered as 3 to 6 mg. pellets beneath the skin, 
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induces in parakeets of both sexes a prompt rise in serum calcium and 
alkaline phosphatase, but no significant change in the serum phos- 
phorus. In birds bled 9 days after administration of 6 mg. of stilbestrol, 
the serum calcium averaged 36.0 mg. per hundred cc. of blood, with a 
range of 22.8 to 41.1 mg. Normal values are usually 8 to 10 mg., but 
may be as high as 17 mg. The same birds had an average inorganic 
serum phosphate level of 2.4 mg. with a range of 0.5 to 4.0 mg.; this 
is similar to that of untreated birds. The alkaline phosphatase levels 
were from 55.8 to 99.6 King-Armstrong units; the average was 74.2 
units. In normal birds there was considerable variation, the values 
ranging from 8 to 20 K-A units. 

Although medullary bone is more rapidly deposited in non-laying 
females receiving stilbestrol than it is in similarly treated males, the 
levels of serum calcium, inorganic phosphate, and alkaline phosphatase 
show no significant sex difference. Both sexes manifest a striking 
hyperlipemia, associated with an accumulation of fat in the liver cells 
and often with fatty dystrophy of cardiac and even skeletal muscle. 

Among birds receiving stilbestrol, the early osseous changes were 
limited to the deposition of medullary bone, particularly in the femur. 
Histologically this was seen to begin in apposition to the inner surface 
of the cortical bone and was preceded and accompanied by focal hyper- 
plasia of the endosteum and adjacent reticulum cells which subse- 
quently became osteocytes (Fig. 19). Later the other long bones as 
well as the diploé of the calvarium showed similar changes. 

Hyperostoses were not observed in any birds which lived less than 
100 days after beginning treatment with stilbestrol. Among 16 para- 
keets that received a single 4.5 mg. pellet of stilbestrol, 4 of the 1o 
which survived over 100 days developed hyperostoses. Of 11 that 
were given 7 mg. of stilbestrol monthly and lived more than 100 days, 
5 had hyperostoses; and among 6 birds that received 3 mg. of stil- 
bestrol monthly for over 100 days, 3 showed hyperostoses. Male as 
well as female birds developed the lesions. 

The overgrowths occurred most commonly on the ventral aspect of 
the sacrum, encroaching on the kidney bed (Fig. 20) and had the same 
granular appearance as those occurring spontaneously in this region. 
A similar alteration was frequently seen in the ribs, which appeared 
greatly widened; in two instances this was associated with the appear- 
ance of discrete nodules of bone (Figs. 21 to 23). In one case several 
small, well circumscribed hyperostoses that closely resembled the spon- 
taneous lesion, were found on the sternum (Figs. 24 and 25). Histo- 
logically all of these lesions were identical with those encountered in 
untreated birds. 
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Although in several instances the birds were kept on stilbestrol over 
a year, in none did the hyperostoses approach the spontaneous lesions 
in size. That some factors in addition to excess estrogenic hormone 
may play a part was considered. Of these, chronic inflammation and 
the healing response appeared most promising. 

Powdered magnesium silicate was introduced beneath the scalp over 
a portion of the calvarium where multiple incisions had been made in 
the periosteum. Nine male and 9 female parakeets so treated received 
a 7 mg. pellet of stilbestrol every 6 weeks. After 33 weeks the 7 sur- 
viving birds were killed and the calvarium examined grossly and 
microscopically for the presence of hyperostoses. None of these birds 
nor any of those that had died earlier showed bone lesions at the site 
of the silicate. A foreign body giant cell reaction was evident in the 
periosteum, but this was unaccompanied by bone formation. 

To determine the possible role of fibroblastic proliferation and dif- 
ferentiation on the formation of hyperostoses, a study of this response 
in stilbestrol-treated birds was undertaken. At the beginning of the 
experiment, each of 18 birds received 4.5 mg. of stilbestrol; this was 
repeated at monthly intervals. The left tibiotarsus, and after 8 weeks 
the right humerus, of each bird was fractured. Healing was accom- 
panied by extensive fibroblastic proliferation and metaplastic bone and 
cartilage formation, but the stilbestrol-induced medullary bone did not 
have any demonstrable effect on fracture healing. After a month most 
excess callus had been resorbed, and after 3 months the former frac- 
ture sites were difficult to recognize; no hyperostoses were present. 


DIscussION 


Lesions similar to polyostotic hyperostosis of the parakeet have not 
been described in other birds. The well known “osteopetrosis” of 
chickens affects chiefly the bones of the extremities and is a manifesta- 
tion of one variety of lymphomatosis.** In view of the probable rela- 

tionship of parakeet hyperostoses to estrogenic hormones and asso- 
' ciated changes in bone metabolism, the absence of this lesion in chickens 
becomes noteworthy. Chickens of some breeds, e.g. white Leghorn, 
may lay 300 eggs within a year and have continuously elevated serum 
lipid and calcium levels.’*7 A possible clue may be sought in the fact 
that parakeets with hyperostosis were never under two years of age, 
and many were older. The most active reproductive period of these 
birds is at the end of the first year; thereafter, egg production declines. 
It is at this time that hyperostoses begin to appear; viz., at an age 
when most chickens have already been slaughtered. 

Correlative material from mammals is not at hand, with the possible 
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exception of an interesting lesion observed in pregnant women. In the 
later stages of pregnancy, thin vascular sheets of lamellar bone have 
been found lining the inner table of the calvarium, particularly in the 
frontal and parietal regions. The lesion has been fully described by 
Greig** and recently reported by Haslhofer.?® It does not occur in men. 
The concentration of estrogens increases during pregnancy, reaching a 
peak some time before the beginning of parturition. It is probable that 
the appearance of the endocranial osteophytes bears some relation to 
the concentration of estrogenic hormone. 

Recently Dessauer, Fox and Gilbert®® have reported that in vivipar- 
ous Colubrid snakes the increase of serum calcium, magnesium, and 
proteins in females during estrus equals or is greater than that found 
in preovulatory birds. At some time during their evolution these rep- 
tiles probably laid eggs with shells, impregnated by calcium salts. 
Since this depository for calcium has been lost, it would be of interest 
to examine females of these species for the occurrence of hyperostoses. 

The absence of hyperplasia of the parathyroid in birds with spon- 
taneous hyperostoses and those receiving estrogen is consistent with 
experimental results observed in other animals. Riddle, Rauch and 
Smith found that estrogens administered to parathyroidectomized 
pigeons produced an elevation of serum calcium similar to that in the 
intact animal. Benoit and Clavert”’ noted that estrogens still led to 
medullary bone formation in these birds, although mineralization was 
impaired. Using Ca*®, Manunta, Saroff and Turner” reported that 
in rats the role of estrogen in calcium metabolism was independent of 
parathyroid hormone. Recently McLean* has pointed out that in 
young animals the turnover of serum calcium may amount to 100 per 
cent per minute and that this rapid exchange between blood and bone 
is independent of the parathyroid glands. Such a rate of calcium trans- 
fer is consistent with the remarkable rapidity with which medullary 
bone is laid down and resorbed in birds such as the pigeon and para- 
keet during the period of egg laying. 

Pituitary tumors were not encountered in parakeets with hyper- 
ostosis. A transplantable pituitary tumor that probably secretes a 
growth hormone*™ was inoculated into birds receiving stilbestrol. The 
transplants grew well, but no hyperostoses developed, although in 
human subjects with acromegaly some bony overgrowth is known to 
occur, particularly in the calvarium. Urist, Budy and McLean,” in 
their study of endosteal bone formation in estrogen-treated mice, ob- 
served that the osteogenic action of estrogen is neither enhanced nor 
inhibited by simultaneous treatment of the animals with preparations 
of anterior pituitary hormone. It may be noted parenthetically that 
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estrogen-treated mice, even in the presence of medullary bone forma- 
tion, have normal levels of serum calcium, phosphorus, and alkaline 
phosphatase. 

The hyperostoses have been found to occur spontaneously only in 
female parakeets. The absence of conspicuous ovarian abnormalities 
in hens bearing these overgrowths is disappointing. Although cysts 
were present in the ovaries of 3 birds, in the others no significant gross 
or microscopic lesions could be recognized. In some there was abnor- 
mal behavior, such as breaking eggs, pecking and killing babies; 
in one bird several eggs had been retained in the abdominal cavity. In 
no instance were the ovaries atrophic; the follicles, though small, were 
larger than those in the involuted gonad. 

It is well known that the liver serves to inactivate estrogens. An 
impairment of this hepatic function would therefore lead to an increase 
in circulating estrogen. The livers of many parakeets bearing hyper- 
ostoses showed fatty vacuoles in the liver cells, a change which Camp- 
bell?*?* has found in the female fowl. He suggested that this might 
account for the diminished efficiency of the liver of the hen in the 
bromsulphalein excretion test as compared to that of the cock. In 
several of the parakeet livers there were also occasional small inflam- 
matory cell infiltrates in the interstitial tissue, but these were never 
striking. Biskind?* has shown that the ability of the liver to inactivate 
estrogen is dependent upon an adequate vitamin intake. He pointed 
out that impairment of the estrogen-inactivating mechanism may occur 
in the absence of detectable morphologic alteration. In some instances, 
therefore, the hyperostoses in the parakeet may be a reflection of im- 
paired liver function. 

The role of estrogen in the induction of medullary bone in birds has 
been examined by numerous investigators.® The striking hyperlipemia 
often observed in estrogen-treated parakeets probably bears little rela- 
tion to the serum calcium level, for Schjeide and Urist® reported that 
in similarly treated roosters the chylomicrons and lipoproteins bound 
less than 5 per cent of the serum calcium; most of it was associated 
with a phosphoprotein. Govaerts, Dallemagne and Melon,*! who used 
Ca* as an indicator, found that in the pigeon exogenous estrogen in- 
creased radiocalcium retention much more than the hormone physio- 
logically secreted by the ovaries. This also raises the question whether 
a naturally occurring estrogen such as estrone behaves differently from 
an artificial one, e.g., stilbestrol. To determine this a dozen parakeets 
were injected with 3 mg. pellets of estrone and observed for two months. 
The production of medullary bone was similar to that found in stil- 
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bestrol-treated birds. Hyperostoses were not seen, but the time lapse 
was less than that usually necessary to produce these lesions even with 
stilbestrol. 

The presence of medullary bone may be taken as evidence of estrogen 
stimulation in the bird; it was found in the long bones of all parakeets 
receiving stilbestrol. Its occurrence in birds with early spontaneous 
periosteal overgrowths serves to link these lesions with the estrogenic 
hormone. In cases with large hyperostoses there may be little medul- 
lary bone remaining; this suggests that estrogenic stimulation has 
greatly decreased. Whether the hyperostoses will continue to increase 
in size in the absence of such stimulation is not clear from the mate- 
rial available. However, medullary bone was absent occasionally from 
the long bones of a bird in which large hyperostoses were the site of 
striking osteoblastic activity. This would suggest that continued growth 
of the hyperostosis was not dependent on estrogenic stimulation. Sup- 
port for this was also found in the presence of a normal serum calcium 
level of 8.0 mg. per hundred cc. of blood, associated with the strikingly 
high alkaline phosphatase of 165 K-A units (bird no. 18). 


SUMMARY 


Among approximately 1,300 parakeets Melopsittacus undulatus 
necropsied during the past 3 years, 21 females aged 2 to 4 years had 
polyostotic hyperostoses; no males bore similar lesions. The skull, 
sternum, vertebrae, and sacrum were most often affected. The over- 
growths ranged in size from 2 or 3 mm. to 2.5 cm. in diameter; some 
that arose from the retro-orbital bone led to exophthalmos. Nerve 
pressure by sacral exostoses produced leg paralysis. 

During the egg-laying period, parakeet hens normally produce large 
amounts of endosteal bone in the humerus and femur. Similar changes 
were found in some of the birds with hyperostoses. This and the sex- 
linkage of the lesions suggests that an excess of estrogen may be a 
causative factor although no consistent ovarian abnormalities were 
observed. 

Stilbestrol will induce endosteal bone formation, as well as lipemia 
and hypercalcemia. Slightly less than half of the birds receiving stil- 
bestrol and surviving over 100 days developed small hyperostoses. The 
lesions were usually limited to the sacrum, but in two cases nodules 
were present on each of two ribs. Though only 2 to 5 mm. in diameter, 
these hyperostoses grossly and histologically resembled the spon- 
taneous variety. 
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LEGENDS FOR FIGURES 


Fic. 1. Sagittal section through femur of a female parakeet in resting phase of 
ovulatory cycle. Marrow cavity is filled with hematopoietic tissue. Giemsa 
stain. X go. 


Fic. 2. Sagittal section through femur of a 3-year-old female parakeet in egg-laying 
cycle. Most of the marrow cavity is occupied by darkly staining medullary 
bone. Giemsa stain. X go. 


Fic. 3. Exophthalmos and widened interocular space due to overgrowth of peri- 
orbital bone. Bird no. 3. 


Fic. 4. Calvarium of bird shown in Figure 3, eyes and beak still present. Heavy 
periorbital ridges, greatly thickened, and irregular outer table. 
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5. Roentgenogram; sternum and portion of both coracoids removed, cervical 
vertebrae dislocated. Bones of wings and legs show extensive areas of increased 
density due to deposits of medullary bone. On left humerus is a small hyper- 
ostosis. ‘For microscopic appearance, see Figure 17. Irregular hyperostosis on 
synsacrum, small nodule on right fifth rib. Bird no. 4. Natural size. 


6. Roentgenogram; massive hyperostosis of left coracoid, left radius and ulna, 
left ilium, cervical and lumbar vertebrae, and synsacrum. Small deposits of 
periosteal bone are seen on the right humerus. Bird no. 12. Natural size. 


7. Roentgenogram; sternum and coracoids removed. (For gross appearance of 
sternum, see Figure 11). Medullary bone in both humeri. Hyperostoses on 
third left rib, synsacrum, and right ilium. Bird no. 14. Natural size. 


8. Roentgenogram; cervical dislocation, sternum and right coracoid removed. 
Hyperostosis of anterior portion of mandible, massive involvement of hyoid 
bone. Hyperostosis of left coracoid, right seventh rib, synsacrum, and left 
ilium. Small periosteal deposits at distal end of right humerus and femur. 
Bird no. 2. Natural size. 


g. Same bird as in Figure 8, showing lesion of left coracoid and rib, synsacrum, 
and right ilium. X 1.5. 


10. Roentgenogram; bony thickening of skull and mandible. Massive hyper- 
ostoses on sternum, small bony overgrowths on left humerus and pelvis. Bird 
no. g. Natural size. 
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11. Inner aspect of sternum showing large hyperostoses. For rest of skeleton 
see Figure 7. Bird no. 14. X 2.7. 


12. Sagittal section through sternum and pectoral muscle. A large hyper- 
ostosis, of which a small part extends into the chest cavity; the largest portion 
has displaced and produced atrophy of the overlying muscle. Bird no. 11. 
24. 

13. Bone of hyperostosis showing prominent cement lines. Bird no. 14. Hema- 


toxylin and eosin stain. X 240. 


14. Margin of hyperostosis showing peripheral layer of fibroblasts and attached 
skeletal muscle. Bird no. 14. Hematoxylin and eosin stain. 240. 


15. Margin of hyperostosis; the peripheral laver of fibroblasts is in process of 
metaplastic change to cartilage. Bird no. 14. Hematoxylin and eosin stain. 
X 240. 


16. Active bone formation in hyperostosis evidenced by palisading of osteo- 
blasts, proliferating fibroblasts and reticulum cells. A collection of osteoclasts 
may be seen adjacent to one of the bone trabeculae. Bird no. 14. Hematoxylin 
and eosin stain. < 260. 
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17. Small hyperostosis on humerus. The former separated partly from the 
underlying cortex during preparation of the slide. The bone of the hyperostosis, 
as well as the medullary bone seen near the right side of the figure, is dense, 
with little evidence of osteoblastic or osteoclastic activity. For appearance in 
roentgenogram see Figure 5. Bird no. 4. Hematoxylin and eosin stain. XX go. 


18. X-ray diffraction patterns of powdered bone and egg shell. Only the cen- 
tral portion of each diffractogram is reproduced. Reading from top to bottom: 
normal cortical bone, medullary bone from female during egg laying period, 
bone of hyperostosis, parakeet egg shell. The identity of the 3 bone patterns 
and the pronounced difference of the egg shell pattern is apparent. 


19. Early medullary bone formation in male parakeet 9 days after inoculation 
with 6 mg. of stilbestrol. Reticulum cell hyperplasia and appearance of osteoid 
ground substance adjacent to small endosteal osteophyte. Bird ST5-5. Hema- 
toxylin and eosin stain. X 500. 


20. Transverse section through lateral portion of synsacrum. Dark gray areas 
are newly formed bone—hyperostosis. The circular light gray mass is kidney. 
A male bird that received 3 mg. of stilbestrol subcutaneously at intervals of a 
month, sacrificed 145 days after beginning of treatment. For roentgenogram 
see Figures 21 and 22. Bird ST 2-1. Giemsa stain. X 32. 
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. 21. Roentgenogram; sternum and portion of both coracoids removed. Stil- 
bestrol-treated bird; for data see previous figure legend. Density of long bones 
is due to obliteration of marrow cavities by medullary bone. Diffuse periosteal 
bone formation about synsacrum and all ribs; small hyperostoses on right sixth 
and left seventh ribs. Bird ST 2-1. 


22. Enlargement of previous figure to show changes about ribs. 


23. Hyperostosis on fifth left rib. Female parakeet, 2 weeks after the last of 7 
monthly subcutaneous implantations of a 7 mg. pellet of stilbestrol. Bird ST-9. 
xX 6. 


24. Hyperostoses on inner aspect of sternum. Female parakeet, 312 months 
after subcutaneous implantation of a 4.5 mg. pellet of stilbestrol. Bird ST 3-7. 


25. Section through smaller of the two hyperostoses shown in the previous 
figure. Hematopoietic tissue is present in the spaces between the bone tra- 
beculae. The bony overgrowth has separated slightly from the underlying 
sternum. Hematoxylin and eosin stain. X 32. 
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SUBACUTE GLOMERULONEPHRITIS * 


Jacos Cuurc, M.D. and Epita GrisHmMan, M.D. 


From the Department of Pathology, the Mount Sinai Hospital, New York, N.Y., 
and the Laboratories, Barnert Memorial Hospital, Paterson, NJ. 


Subacute glomerulonephritis is the transitional phase between the 
acute and the chronic stages. As such, it provides an opportunity to 
examine the development of pathologic alterations which lead to 
eventual glomerular obsolescence and chronic renal failure. Clinically, 
subacute glomerulonephritis encompasses the period 2 to 12 months 
after the onset of illness, and is characterized by albuminuria, edema, 
hypertension, and uremia. The typical anatomic feature is a large, 
smooth, pale kidney, which, on microscopic examination, shows cellular 
proliferation and fibrosis in the glomerular tufts, epithelial crescents, 
and alteration of the capillary walls. 

With recent advances in microscopic technique, it has become possi- 
ble to study glomerular lesions in greater detail by means of thin (0.5 
#) sections stained by newer procedures or examined under the phase 
microscope. In a previous communication this technique was applied 
to the kidney in acute glomerulonephritis.1 The present paper deals 
with observations in the various forms of subacute glomerulonephritis. 


MATERIAL AND METHODS 


The tissues were taken from the files of the Department of Pathology 
of the Mt. Sinai Hospital and the Barnert Memorial Hospital. Case 23 
was obtained from the Newark Beth Israel Hospital through the 
courtesy of Dr. M. Kannerstein, and case 24 from the Knickerbocker 
Hospital, New York City, through the courtesy of Dr. W. Finkelstein. 

Twenty-eight cases were examined. Most of these fulfilled both the 
clinical and the pathologic criteria outlined above. However, for the 
sake of completeness, one case with prominent epithelial crescents was 
also included. The patient had a very short history of only two weeks. 
At the other extreme, there were a number of patients (8) with mani- 
festations of renal disorder of 14 months’ to 3 years’ duration but who 
presented the anatomic and histologic features of the subacute stage. 

The methods employed have been described previously.1 Kidney 
tissues from paraffin blocks were re-embedded in celloidin-paraffin 

*Supported by research grant [A-918 (C) Path.] from the National Institute of 
Arthritis and Metabolic Diseases of the National Institutes of Health, United States 
Public Health Service, Bethesda, Md. 

Presented at the Fifty-fourth Annual Meeting of the American Association of 


Pathologists and Bacteriologists, Washington, D.C., April 13, 1957. 
Received for publication, June 30, 1958. 
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and cut serially at a thickness of 0.5 uw. Sections were stained with 
hematoxylin and eosin, the periodic acid-Schiff reagent (PAS),? a 
modified Mallory chromotrope-aniline blue stain (CAB),* and the 
periodic acid-silver methenamine method (PA-SM).* Some sections 
were also stained with PAS-colloidal iron by the method of Ritter and 
Oleson,” and some were examined by phase microscopy.® 


OBSERVATIONS 
Glomeruli 


The two classical histologic characterizations of the lesion in subacute 
glomerulonephritis are designated as the extracapillary and intracapil- 
lary, or better, intercapillary, types. In recent years “membranous 
glomerulonephritis” has been added as a separate form. In our experi- 
ments the division into these 3 types is somewhat artificial, because 
many patients show various combinations of changes, including pro- 
liferation of epithelial cells with crescent formation, proliferation of 
intercapillary cells and fiber production, and alteration of the capillary 
walls. However, for the sake of clarity, these changes will be discussed 
separately. 

Intercapillary Space. The intercapillary alterations in subacute 
glomerulonephritis are the direct continuation of those seen in the 
acute phase. The onset of the subacute stage is signaled by the deposi- 
tion of fibers among the proliferated mononuclear cells in the inter- 
capillary space (Fig. 1). At the beginning of this stage, mononuclear 
cells still predominate in this region; a small number of polymorphonu- 
clear leukocytes may be evident, and there is a variable degree of 
edema (Fig. 3). The fibers are generally slender and tortuous, and 
stain red with the PAS and blue with the CAB stains. The entire inter- 
capillary space is enlarged. The capillaries are shifted to the periphery 
of the lobule and are partly compressed (Fig. 1). They may contain a 
few red cells but are often empty. With progression of the disease, 
edema and leukocytes disappear completely, the mononuclear cells are 
fewer, and fibers increase in number and thickness. In many cases, 
hyaline material appears in the intercapillary space (Fig. 2). This 
substance stains red with PAS and pink to red with CAB. It appears to 
lie between the fibers, though often it fuses with them. Occasionally 
one gains the impression that the fibers themselves undergo hyaline 
transformation. Toward the end of the subacute stage, the intercapil- 
lary space becomes converted into a fibrous or fibro-hyaline mass con- 
taining but few cells. The size of the scar varies from case to case and 
from lobule to lobule. Some of the capillaries remain patent while 
others are completely collapsed. 
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Epithelial Cells and Bowman’s Space. Proliferation of epithelial 
cells may occur early in the disease. Some of the patients dying within 
2 to 4 weeks after the onset of acute glomerulonephritis reveal luxuriant 
epithelial crescents. Whether crescents appear early or late, their 
structure is the same. The proliferating cells are, as is well known, 
those of the parietal layer of Bowman’s capsule. Thin fibers lying be- 
tween the cells contribute toward formation of so-called pseudo-tubules. 
The fibers often appear to originate from the inner layer of Bowman’s 
capsule and to branch among the epithelial cells (Fig. 14). This sug- 
gests that they are products of the basement membrane of Bowman’s 
capsule rather than newly formed fibers. The membranes or fibers are 
at first thin and delicate, staining red with PAS and blue with CAB 
stains. However, they undergo rapid transformation, becoming thicker 
and less intensely eosinophilic, and losing their affinity for PAS. As 
the fibers increase in thickness, the epithelial cells decrease in number 
and eventually disappear, giving rise to so-called “fibrous crescents.” 

Not all fibrous crescents arise from the epithelial crescents. It is 
our impression that some of them are the result of repeated splitting, 
fibrosis, and hyalinization of Bowman’s capsule. Alterations of this 
nature can be observed even in the acute stages of glomerulonephritis, 
and they are common in the subacute stage. 

The visceral glomerular epithelium is often prominent in glomerulo- 
nephritis. Whether this is the result of actual multiplication or merely 
of swelling is difficult to state. These cells frequently contain hyaline 
droplets analogous to droplets observed in the epithelium of the tubules, 
or in the parietal epithelium of Bowman’s capsule (Fig. 13). The 
hyaline droplets are usually accompanied by the appearance of hyalin 
in the intercapillary spaces. 

Capillary Wall. Changes in the capillary wall may proceed in two 
directions. Attenuation of the basement membrane and even complete 
local disappearance sometimes accompany deposits of hyaline mate- 
rial in the capillary lumen. The hyaline appears to spill through a 
break in the wall into Bowman’s space. 

Much more frequently encountered is thickening of the capillary 
wall. This may be due to splitting or reduplication of the wall, so that 
internal to the basement membrane and separated by a space of vary- 
ing width (pericapillary space) there is another membrane which 
varies in thickness and is sometimes discontinuous (Fig. 8). This sec- 
ond (“endothelial”) membrane probably represents the innermost 
layer of the original basement membrane split off by extension of 
exudate from the intercapillary space, as observed in acute glomerulo- 
nephritis. Connection between the intercapillary space and the peri- 
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capillary space can often be demonstrated (Fig. 10). The pericapillary 
space may contain a few cells but otherwise appears empty in sections 
(Fig. 8); in life it is probably filled with fluid or other substance that 
is easily washed out in processing tissue. 

Splitting or reduplication of the wall is usually focal and variable. 
It rarely affects the whole glomerulus and rarely affects the majority 
of the glomeruli. If hyaline deposits are found in the intercapillary 
space, they may also be present in the pericapillary space. The hyalin 
is strongly eosinophilic, staining red with PAS and CAB. The affected 
capillary bears a considerable resemblance to the “wire loop” of lupus 
erythematosus (Fig. 10). Splitting of the capillary wall may also occur 
as a result of deposits of hyalin, causing separation of the endothelium 
(membrana attenuata)’ from the basement membrane. This type of 
“wire-loop” thickening appears homogeneous with hematoxylin and 
eosin and PAS stains (Fig. 11), but the deposits can be clearly dis- 
tinguished from the basement membrane by the PA-SM stain (Fig. 
z3).* 

Another type of thickening of the capillary wall frequently associated 
with the nephrotic syndrome is the “membranous glomerulonephritis” 
described by Bell® (Figs. 3 to 6). The endothelium and basement mem- 
brane here appear little altered. However, between the basement 
membrane and the epithelial cells, there is a layer which can be quite 
wide (1 to 2 » or more). This layer consists of two elements: hair-like 
or spike-like projections perpendicular to the basement membrane and 
spaced about 0.5 to 1.0 » apart; and hyaline material deposited be- 
tween these spikes. The spikes rest with their narrow points upon the 
basement membrane and widen toward the periphery. They sometimes 
appear to merge at their bases, creating a scalloped edge covering the 
hyaline deposit. The edge and the spikes stain red with PAS and blue 
with CAB. They are also strongly black with the PA-SM stain* and 
are blue when stained by the Ritter-Oleson procedure. The hyalin 
stains pale pink with PAS, red with CAB, and does not stain with 
PA-SM stains. Preliminary studies with electron microscopy suggest 
that the hyalin accumulates between the basement membrane and 
epithelial cells (podocytes) and that the spikes are in some way related 
to the epithelial trabeculae and foot processes. Within the cytoplasm 
and parallel to the basement membrane, one can frequently see a row 
of fine dots which stain red with the CAB stain. The significance of 
these dots is not clear at the present time. 


* Though both the PAS and PA-SM stains are supposed to demonstrate the same 
chemical groupings, our experience has shown that there are consistent differences between 
the results obtained by the two methods which may serve differential staining purposes. 
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Endothelial Cells and Capillary Lumen. The endothelial cells often 
appear enlarged and have prominent nuclei. In some of the cases with 
manifestations of the nephrotic syndrome, the cytoplasm of the endo- 
thelium is markedly swollen and filled with fine vacuoles presumably 
because of lipid imbibition (case 25). The lumen of the partly collapsed 
capillaries is sometimes filled with homogeneous material which stains 
pale pink with eosin and PAS. Presumably this represents inspissated 
blood plasma. 

In summary (Tables I and II), among the 28 examples examined, 
significant alterations (2+ or greater) in the various components of 
the glomerulus were distributed as follows: alteration of the inter- 
capillary space, 19; crescent formation, 13; changes in the capillary 
wall, 17 (3 showed splitting; 7, splitting and hyaline deposit; and 7, 
membranous transformation). Vacuolization of endothelial cells was 
noted in one patient. These figures add to more than 28 because of 
frequent multiplicity of lesions. The actual distribution among the 28 
cases was as follows: lesions predominantly intercapillary in location, 
12 (8 with hyalinization and fibrosis; 4 with fibrosis alone); lesions 
predominantly extracapillary in location, 7; entirely or predominantly 
membranous, 5. Four cases were classified as mixed; cases 26 and 28 
had combined extra- and intercapillary lesions of about equal intensity; 
case 26 also showed widespread splitting and deposit of hyalin in the 
capillary walls. Two other cases (25 and 27) exhibited mild mem- 
branous alterations and also epithelial crescent formation and inter- 
capillary inflammation. 


Renal Tubules and Stroma 


A brief mention should be made of the tubular alterations encoun- 
tered. These were characterized by the appearance of hyaline droplets, 
vacuolization of epithelium, and varying, generally moderate, degrees 
of atrophy. In many instances there was slight and occasionally even 
marked thickening and reduplication of the tubule basement mem- 
branes (Fig. 15). In some, the interstitial tissue showed slight to 


moderate inflammation. 
Blood Vessels 


As a rule, the arteries exhibited little abnormality. In a few in- 
stances, particularly in older patients, there was moderate to ad- 
vanced arteriosclerosis. In specimens in which hyaline deposits ap- 
peared in glomeruli, arterioles were often affected by the same process 
(Fig. 16). In 3 patients there were thrombi in the renal veins; in one 
of these the thrombosis was bilateral. In two cases the thrombi were 
recent; in one the thrombus was old and recanalized. In all 3 cases 
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Taste I 
Summary of Alterations in Patients with Subacute Glomerulonephritis, Intercapillary 
and Extracapillary Types 
Urine 
Period Blood 
of Red urea Choles- Albumin/ 
Case Age illness Blood Specif. Albu- blood nitrogen terol = globulin . 
no. Sex (yrs.) (mos.) pressure Edema gravity min cells (mg.) (mg.) ratio Cause of death Kid 
1 M 4 14. 160/90 3+ 1034 4+ I+ 8-17 880 1.7/2.7 Pneumococcus pe 
tonitis; sepsis smoo 
2M 12 24 160/64 ° I+ N.D. N.D. N.D. Pneumococcus 
3 F 14 30. 160/90 o 1016 4+ 1+ 450-110 280 N.D. Meningococcus may large W 
gitis; uremia 
4 F 29 3 170/104 I+ 1020 3+ 1+ 36-85 240 2.5/1.6 Cardiac failure gm. both 
ale; man} 
s F +t 3 200/110 2+ 1018 3+ 3+ 125 300 2.1/1.9 Uremia smoot 
6 F «ur 10 170/130 3+ 1010 3+ #16-30 1000 1.7/1.9  Postop. heart failame yells 
, yellov 
7 M 15 5 100/60 1+ 1006 3+ + 238 N.D. ND. Uremia ge, smoot 
8 F 3s 18 185/135 3+ 1016 4+ 1+ 17-28 500 2.5/2.1 Pneumonia 
M 12 176/116 i+ 1012 3+ 3+ 98-180 N.D. 3.2/1.3 Uremia gm. 
10 M ar 2? 220/140 I+ 1r01r 3+ I+ 98-228 290 4.1/2.1 Uremia a 
arsely 
11 M 35 18 190/110 3+ 1017 4+ I+ 50-396 600 2.3/2.9 Uremia; pneumoug sm. _ 
yello 
12 M 38 18 135/110 + 1020 2+ 1+ 12-70 225 3.5/1.9 Cardiac failure; ame 
gr 
3 170/110 2+ 1020 4+ 3+ 156-234 N.D. 2.5/3.8 Uremia g 
ale; hem¢ 
14 M 10 WW? 1s0/90 4+ 1020 4+ 3+ 240 190 3.1/2.2 Uremia 
wish, 
15 M 36 24% 120/70 o Low 3+ 3+ 146 N.D. N.D. Uremia os 
16 F 38 24% 160/86 Oo 1021 I+ 2+ 136 N.D. N.D. Uremia ge, edem: 
17 M 12 170/70 3+ 1012 I+ 2+ 3815-64 230 2.4/2.0 Cerebral hemorrhage g 
» Di 
em orrhag 
1 F 45 2% 175/90 2+ 1012 3+ I+ go N.D. N.D. Cardiac failure £m. bot! 
19 F 49 9 1110/8 3+ 10200 + + 56 ND. N.D. Pneumonia 
nely grat 
Numbers 1 to 4 (4 patients) represent intercapillary type without hyalinization. Numbers 5 to K 
12 (8 patients) represent intercapillary type with hyaline deposits. Numbers 13 to 19 (7 patients) form: 
represent extracapillary type. +,m 


the clinical course was marked by a nephrotic syndrome and there was 


membranous transformation of the glomerular capillary walls. 


The salient clinical data and the main pathologic features are listed 
in Tables I and II. A few points relating to clinico-pathologic correla- 
tion are worthy of notice. The average age at the time of death was 
lowest in those in whom the lesions were predominantly intercapillary 
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Intercapillary space Capillary wall 
bs. Hy- 
glom. Inflam- Fibro- Hy- aline Memb. Epith. 
path Kidney (%) mation sis alin Split deposit trans. cresc. Remarks 
us large, 275 gm. both; 10 2+ 2+ ° ° ° ° 1+ Nephrotic syndrome 
psis fle, smooth, yellow 
us , 310 gm. both; o 2+ 3+ 0 rt o ° ° Acute and chronic rheu- 
th matic heart disease 
cus mily large with yellow Io 4+ 4+ ° I+ ° ° ° 
nia 
ure gm. both; smooth, o 2+ ° ° ° ° 
; many hemorrhages 
, smooth 5 2+ I+ ° 2+ Nephrotic syndrome 
rt failamge, 280 gm. both; © 3+ 4+ 2 2+ ° ° 1+ Nephrotic syndrome; 
e, yellow, granular decapsulation 
e, smooth 50 2+ 3+ 3+ mrt I+ ° ° “Familial” type; few 
“wire loops” 
large, 575 gm. both; <2 3+ 2+ 2+ 1+to oto o 1+ Nephrotic syndrome; 
oth, yellow 4+ 4+ “wire loops” 
gm. both; smooth 50 2+ 3+ 3+ at I+ ° I+ 
uced in size; 25 2+ 3+ 2+ 2+ 2+ ° 2+ Osteomyelitis; 
ly granular amyloid in liver 
-umong gm. both; smooth, 5 oto oto + 2 I+ ° ° Nephrotic syndrome 
e, yellow 2+ 2+ 
are; ame, 450 gm. both; <2 2+ 2+ 2+ oto oto o 1+ “Wire loops” 
ightly granular 4+ 4+ 
, 340 gm. both; o 2+ 2+ ° I+ ° ° 4+ 
le; hemorrhages 
y large, 360 gm. both; o 3+ I+ ° ° ° ° 4+ 
llowish, slightly 
ular 
, 430 gm. both; o 2+ I+ ° ° ° ° 4+ 
ooth 
, edematous ° i+ sm ° I+ ° ° 3+ 
no » 575 gm. both; o I+ «I+ ° 2+ ° ° 4+ 
woth, pale; : 
orrhages 
re pgm. both; smooth 5 I+ «+ ° I+ ° ° 4+ 
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5 to Key to abbreviations: Obs. glom. = Obsolete glomeruli. Memb. trans. = Membranous trans- 
ents) formation. Epith. cresc. = Epithelial crescents. N.D. = No data. + to 4-++- = Degree of change: 


+, minimum; 4-++, maximum. 


in location (20 years); those with extracapillary lesions were next, 
with an average of 32 years; and those with membranous alterations 
were older still (48 years). The average duration of the disease was 
shortest in the patients with extracapillary lesions (5 months) and 
longest in those with the membranous type of process (18 months). 
Those with the intercapillary type fell between with an average dura- 
tion of 13 months (11 months for those with hyaline deposits and 18 
months for those without such deposits). These points are generally in 
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Taste II 


Summary of Alterations in Patients with Subacute Glomerulonephritis, Membranous 


and Mixed Types 


Urine 


Period Blood 
no. Sex (yrs.) (mos.) pressure Edema gravity min cells toed (mg.) ratio Cause of death Kidney 
20 M 23 36+ 190/100 3+ N.D. 3+ 1+ 110-134 N.D. 3.9/2.1 Paratyphoid feve og 
21 F 48 9g =«15s/100 4+ 1028 4+ 0 22 500 2.2/2.0 Pulmonary em 44o gm. 
nephrosis 
22 M 50 12 200/110 3+ 1025 4+ oO 16 530 2.3/1.8 Convulsions; 320 gm. 
cerebral edema 

23 M 53 18 210/110 I+ 1014 4+ + 20-42 280 1.4/3.3 Uremia pale, yel 

24 F 68 ? 160/110 3+ r02zr 3+ I+ 131 N.D. 2.4/2.4 Uremia both; 5 
tly grant 

F 5 150/120 4+ 1030 3+ 1+ 10-15 1280 1.0/2.7 Generalized edemf large, smc 

26 F 22 3 134/80 3+ 1012 3+ 3+ # 23-60 170 2.2/2.5 Sepsis; staphyl smooth 

27 M 58 3? 154/90 Oo 1014 3+ 3+ 110-160 N.D. N.D. Uremia; pne ee 

28 F 67 3? 150/90 i+ 1010 1+ 2+ 51-110 N.D. N_D. Uremia a 

Numbers 20 to 24 (5 patients) represent membranous type. Numbers 25 to 28 (4 patients) Key 
represent mixed type. formatic 

+, mini 


agreement with the observations of Bell.* As expected in the subacute 
stage of glomeruionephritis, most patients had marked albuminuria 
and edema. Three plus or more albuminuria was found in 23 patients, 
and 3-++ edema in 13 patients. The fully developed nephrotic syndrome 
was present in 10. In 5 patients intercapillary lesions with fiber split- 
ting and “wire-loop” hyaline deposits in the capillary walls underlay 
the syndrome (ages 4, 10, 11, 15 and 35 years). In the other 5 patients 
(ages 2, 23, 48, 50 and 68 years) membranous lesions prevailed. Thus, 
among the 7 patients with membranous lesions, the nephrotic syn- 
drome was manifest in 5, confirming the association noted by Bell. 
Membranous lesions were most pronounced in patients with the 
nephrotic syndrome of long standing. This was even more strikingly 
the case in patients who had had the nephrotic syndrome in the past 
but no longer exhibited the characteristic symptoms. 


CoMMENT 


The structure of the intercapillary space of the glomerulus and the 
nature of its cells and fibers in health and disease have been discussed 
elsewhere.*® The cells are believed by various authors to be either of 
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Taste II (continued) 
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Intercapillary space Capillary wall 
Obs. Hy- 
glom. Inflam- Fibro- Hy- aline Memb. Epith. 
Kidney (%) mation _ sis alin Split deposit trans. cresc. Remarks 
both; pale, 30 ° re) ° ° ° 4+ ° Nephrotic syndrome; _ 
ish, slightly renal vein thrombosis, 
recanalized 
440 gm. both; ° ° ° ° ° ° 3+ ° Nephrotic syndrome; 
th bilateral renal vein 
thrombosis 
320 gm. both 2 I+ I+ ° 1+ o 3+ «i+ ~=§#Nephrotic syndrome; 
thrombosis in small 
renal veins 
pale, yellowish 5 t+ wt mrt r+ ° 3+ ° Operative specimen; pa- 


tient died 6 mos. later 


both; yellowish, 10 ° I+ ° ° ° 3+ ° Nephrotic syndrome 
tly granular 
Jem large, smooth, pale, ° 2+ ° ° ° ° 1+ 2+ Nephrotic syndrome 


] smooth <2 2+ 2+ 2+ 3+ = 3+ ° 2+ “Wire loops” 
both; smooth, 20 I+ wt r+ ° ° 2+ 02+ 
hemorrhages 
. both; slightly 50 2+ 2+ I+ ° ° ° 3+ 
ular 
ts) Key to abbreviations: Obs. glom. = Obsolete glomeruli. Memb. trans. = Membranous trans- 


formation. Epith. cresc. = Epithelial crescents. N.D. = No data. + to 4+ = Degree of change: 
+, minimum; 4+-, maximum. 


connective tissue (histiocytic) perithelial,!* myoid,!* or endothe- 
lial (endenchymal)**** origin. The fibers are variously considered to 
be special connective tissue fibers (fibromucin),’* “branches” of the 
basement membrane,’ or “basement membrane like” material.*” 

Subacute glomerulonephritis of the intercapillary type is character- 
ized by gradual replacement of the proliferated cells by fibers and the 
eventual formation of central lobular scars. Deposition of hyalin in 
the intercapillary space is a frequent but not invariable accompani- 
ment of fibrosis. The hyalin is similar in its staining characteristics to 
that seen in arteriosclerosis. Presumably it is derived from the blood 
stream and deposited rather than formed locally, but at the present 
time nothing definite is known of its origin. The presence of hyalin is 
associated with a more rapid and more severe clinical course, the 
majority of the patients dying in uremia. 

The fibers in the epithelial crescents differ from those in the inter- 
capillary space. They arise from the basement membrane of Bowman’s 
capsule, and their appearance in thin sections is consistent with the 
assumption that they arise as “branches” of the basement membrane.® 
At first they stain as do basement membranes, but later they acquire 
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the staining properties of collagen. It is not known whether they 
possess the characteristic electron microscopic periodicity of collagen. 

Alteration of the capillary wall in glomerulonephritis received scant 
attention before Bell’s observations in membranous glomeruloneph- 
ritis.® We prefer the term “membranous transformation” because 
evidence of inflammation is often lacking. Bell described thickening 
of the capillary wall and indicated its frequent association with the 
nephrotic syndrome. The alteration has been shown by Jones*® and by 
ourselves® to have a very characteristic structure. Jones suggested that 
the silver-positive bands or spikes were part of the basement mem- 
brane. It was our impression that they were related in some way to 
the trabeculae and foot processes of the epithelial cells. The hyaline 
material between the spikes stains differently from that found in the 
intercapillary space, in that it reacts weakly with the PAS stain. 

Membranous transformation of the capillary wall occurs in subacute 
and chronic glomerulonephritis but is often unaccompanied by evidence 
of glomerular inflammation. Furthermore, it has been observed by us 
in association with other diseases such as lupus erythematosus and 
amyloidosis when these are accompanied by the nephrotic syndrome. 
Of special interest is the fact that the most severe forms of membranous 
transformation occur in patients who have had the nephrotic syndrome, 
but who no longer exhibit any of its clinical manifestations. These 
facts suggest that membranous transformation is neither a form of 
glomerulonephritis nor the cause of the nephrotic syndrome, but rather 
a result of the syndrome and the severe proteinuria which accompanies 
it. These changes may very well be caused by the trapping of protein 
between the basement membrane and the epithelial cells (podocytes), 
or in the outer layer of the basement membrane. 

In none of our cases of membranous transformation was there much 
evidence of inflammation in the glomeruli, and in cases 20 and 21 such 
evidence was lacking completely. One may doubt, with good reason, 
the desirability of classifying these two instances as glomerulonephritis. 
It should be mentioned at this point that in selecting cases for this study 
we have omitted all examples of the nephrotic syndrome in which there 
were no obvious changes in the glomeruli as determined by light mi- 
croscopy, or those which merely showed vacuolation of the glomerular 
endothelium. These cases will be reported in a later communication. 
On the other hand, inclusion of two examples of membranous trans- 
formation from other hospitals serves to exaggerate the frequency of 
this alteration in subacute glomerulonephritis. 

Among our examples of membranous transformation there were 3 
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instances associated with renal vein thrombosis. It is well known that 
the latter may lead to the nephrotic syndrome*® and possibly to mem- 
branous transformation. However, in none of our cases was there any 
evidence of venous thrombosis elsewhere in the body. In particular, 
there was no thrombosis of the inferior vena cava. The possibility must 
be considered that isolated thrombosis of renal veins is not always the 
cause of the nephrotic syndrome but rather may be its consequence. 

Thickening of the capillary wall in subacute glomerulonephritis is 
most frequently the result of splitting of the wall into two layers. It is 
possible that such thickening may interfere with glomerular filtration. 
If hyalin accumulates between the split layers, the wall assumes the 
appearance of “wire loops.” There has been some tendency in the 
literature to equate all thickening of the capillary wall with mem- 
branous transformation.’® However, differences in the distribution and 
particularly in the structure of the various types of thickening militate 
against such generalization. We prefer to apply the term “membranous 
transformation” only to the lesion originally described by Bell, and to 
designate the other types of thickening as “splitting of the capillary 
wall” and “wire loop alteration” respectively. 

The “wire loop” lesions of glomerulonephritis appear with less reg- 
ularity and are less conspicuous than those in systemic lupus erythe- 
matosus and are also invariably associated with inflammation and 
hyaline deposits in the intercapillary space. It is our impression that 
the “wire loops” in lupus precede inflammation in the glomeruli or 
occur independently of it, while in glomerulonephritis they are sec- 
ondary to the inflammation. 


SUMMARY AND CONCLUSIONS 


Twenty-eight examples of subacute glomerulonephritis were studied 
by means of thin (0.5 ) sections. 

The chief alterations observed in the glomeruli were: intercapillary 
inflammation and fibrosis, frequently accompanied by hyaline deposits; 
epithelial and fibrous crescents; thickening of the capillary wall caused 
either by splitting or reduplication, deposition of hyalin, or by “mem- 
branous transformation.” 

Each type of alteration is described and discussed in detail. Though 
most of the patients showed a predominance of one type of alteration, 
the great variety of possible combinations tended to impart an almost 
individual pattern to each case. 

The nephrotic syndrome was present in 10 patients. In the younger 
age groups this was usually associated with intercapillary inflammation 
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and with splitting and hyaline deposits in the capillary wall. In the 
older age group it was more often accompanied by “membranous trans- 
formation” of the capillary wall. 

““Membranous transformation” may be a feature in the lesion of 
subacute glomerulonephritis. It is suggested, however, that it is neither 
a part of the inflammatory process, nor the cause of the nephrotic syn- 
drome, but rather a consequence of the latter. 
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[ Illustrations follow ] 


38 CHURG AND GRISHMAN Vol. 35,No.r 


LEGENDS FOR FIGURES 


Standard sections were cut at 5 yp, stained with hematoxylin and eosin, and 
photographed at a magnification X 600. Thin sections were cut at 0.5 p, stained 
with the periodic acid-Schiff reagent (PAS) or with periodic acid-silver methena- 
mine (PA-SM) method, and photographed at magnification X 1,500. 


Fic. 1. Case 8. Glomerular lobule, showing mononuclear cells and fibers in the 
intercapillary space. The capillary wall is thin and delicate, though some split- 
ting is seen in the lower portion of the lobule. Thin section, PAS stain. 


Fic. 2. Case 8. Lobule of another glomerulus, showing cells, fibers, and clumps of 
hyalin in the intercapillary space, and hyalin in the capillary walls. Thin sec- 
tion, PAS stain. 


Fics. 3 and 4. Case 25. Minimal thickening of the capillary walls is caused by 
early membranous transformation (arrows). Fig. 3. Standard section. Fig. 4. 
Thin section, PA-SM stain. 
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Fics. 5and6. Case 20. Marked thickening of the capillary walls caused by ad- 
vanced membranous transformation. Fig. 5. Standard section. Fig. 6. Thin 
section, PAS stain. 


Fics. 7 and 8. Case 4. Thickening of the capillary walls caused by splitting of the 
basement membranes. Cells can be seen between the split layers. Fig. 7. 
Standard section. Fig. 8. Thin section, PAS stain. 
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Fics.gand1o. Case 12. “Wire-loop” thickening of the capillary walls is caused by 
deposition of hyalin between the split layers of basement membranes. In Figure 
10 the “wire loops” can be seen along the periphery of the lobule (arrows); 
the widened intercapillary space in the center of the lobule also contains hyalin. 
Fig. 9. Standard section. Fig. 10. Thin section, PAS stain. 


Fics. 11 and12. Case 26. In Figure 11 (section stained with PAS) capillary walls 
appear thick and homogeneous; in Figure 12 (stained with PA-SM) there is a 
thick deposit of weakly stained material, apparently between the basement 
membrane and the endothelium. Both figures, thin sections. 


1 


43 


SUBACUTE GLOMERULONEPHRITIS 


Jan—F eb., 1959 


we 

js 

<5) 

a 


44 


Fic. 


Fic. 


Fic. 


Fic. 


CHURG AND GRISHMAN Vol. 35, No.1 


13. Case 8. Hyaline droplets in visceral epithelial cells of the glomerulus 
(podocytes). Thin section, PAS stain. 


14. Case 16. Part of an epithelial crescent with pseudo-tubules, showing 
origin of “fibers” from the inner layer of Bowman’s capsule (top). Capillary 
loops are in the right lower corner. Thin section, PAS stain. 


15. Case 11. Thickening and splitting of tubule basement membranes. Thin 
section, PAS stain. 


16. Case 8. Arteriole showing subintimal and medial deposits of hyalin. Thin 
section, PAS stain. 
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THE STRUCTURAL BASIS OF PROTEINURIA IN MAN * 


ELECTRON Microscopic STUDIES OF RENAL Biopsy SPECIMENS 
FROM PATIENTS WITH LipIp NEPHROSIS, AMYLOIDOSIS, AND 
SUBACUTE AND CHRONIC GLOMERULONEPHRITIS 


Davi Spiro, M.D., Ph.D. 


From the Department of Pathology, Harvard Medical School and the Edwin S. Webster 
Memorial Laboratories of the Department of Pathology of the Massachusetts 
General Hospital, Boston, Mass. 


The fine structure of the normal mammalian renal glomerulus has 
been the subject of a number of recent electron microscopic studies.’ 
These have led to several detailed investigations of changes in the 
glomerulus in various types of human renal disease.’*”° Studies of 
the structure of the normal kidney suggest that the ultimate diffusion 
barrier in the glomerular capillary bed is the capillary basement mem- 
brane, since the endothelial and epithelial cellular layers are inter- 
rupted. Abnormal glomeruli have revealed only one structural 
variation, which is found consistently in conditions associated with 
proteinuria—a transformation of the normal foot processes of the 
epithelial cells into rather broad sheets of cytoplasm that invest the 
external surfaces of the glomerular capillary loops in a more or less 
continuous manner.**** This alteration fails to explain the hyperper- 
meability to proteins in pathologic glomerular capillaries, and it is not 
surprising that several investigators have suggested that this phenome- 
non is probably secondary to some as yet unobserved abnormality in 
the basement membrane.’*** It is interesting to recollect that Allen*® 
and many other pathologists have related proteinuria and the nephrotic 
syndrome to alterations in the basement membrane. 

We have examined renal biopsy specimens from patients with various 
conditions associated with proteinuria, using higher resolution tech- 
niques than those utilized by previous investigators. The present pub- 
lication deals with the observations in 3 patients with the nephrotic 
syndrome (one instance of juvenile “pure” lipid nephrosis, and two 
cases of amyloidosis) and in two patients with subacute and chronic 
glomerulonephritis accompanied by proteinuria. The observations thus 
far indicate that the structural common denominator of proteinuria is 
the existence of defects in the basement membrane of the glomerular 
capillary loops. 

* Aided by a grant from the National Heart Institute of the National Institutes of 


Health, United States Public Health Service. [H-1834 (C3)] 


Presented at the Forty-seventh Annual meeting of the International Academy of 
Pathology, Cleveland, Ohio, April 23, 1958. 
Received for publication, June 13, 1958. 
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MATERIAL AND METHODS 


Percutaneous renal biopsy specimens procured from the patients 
studied were divided immediately, and portions were used for conven- 
tional histologic studies, the remainder being prepared for electron 
microscopy.’ In most instances, tissues were stained with phospho- 
tungstic acid to enhance contrast. Thin sections were cut with a Rotary 
Cantilever microtome,® and were examined in an RCA EMU 3B 
electron microscope. In addition to examining stained paraffin sections 
of the renal tissue under the light microscope, sections of all glomeruli 
“thin sectioned” (1 to 2 ») for electron microscopy were examined 
under the phase microscope for supplementary diagnostic confirmation. 

Three kidneys were procured from children at nephrectomy and 
served as a source of normal glomeruli. Two kidneys removed surgically 
during arachnoid-ureterostomy from infants 1 and 4 months old were 
also used for control studies. 

RESULTS 


Normal Glomerulus 


A number of investigators agree that of the 3 components of the 
capillary wall, the epithelial and endothelial cellular layers are discon- 
tinuous, whereas the basement membrane is continuous.”**?? The 
endothelial cells exhibit characteristic interruptions or pores, and the 
epithelial cells (podocytes) form numerous branches eventuating in 
discrete foot processes (pedicels) that are applied to the external sur- 
faces of the basement membrane (Figs. 1 to 3). Fine connections are 
often observed between the epithelial pedicels (Fig. 3). The basement 
membrane is defined in this study as the relatively dense layer, about 
1,000 A units in thickness, that separates endothelium from epithelium. 
In suitable preparations it appears to be composed of fine filaments 
which extend from the epithelial to the endothelial cells (Figs. 2 and 3). 
These features have been observed by one or the other of the previously 
cited authors. 

An additional feature is the existence of fine (approximately 75 A 
units in thickness) filaments in the cytoplasm of the epithelium (Fig. 
2). In many instances, filamentous material within the foot processes 
of the epithelium appear to be continuous with the filaments forming 
the basement membrane (Figs. 2 and 3), suggesting that the epithelial 
cells may play an important role in maintaining the integrity of the 
basement membrane or in its synthesis. We occasionally observed 
ordered structure in the basement membrane that may best be de- 
scribed as a series of cross-linked, regularly arrayed filaments, the 
interfilamentous distance being somewhat less than 100 A. It is prob- 
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able that what the light microscopist observes as “the basement mem- 
brane” actually consists of endothelium, basement membrane, and 
portions of the epithelial processes. Nothing resembling a mesangium 
has been found in the glomerulus. Preparations including the hilar 
vessels revealed fusion of what were probably the external and internal 
arteriolar elastic lamellas to form a layer continuous with the capillary 
basement membrane, as well as with the basement membrane of Bow- 
man’s capsule.’® Occasional cells in the media of the entering arteriole 
disclosed structureless electron-dense bodies measuring 1 to 2 p» corre- 
sponding to the juxtaglomerular granules.”® 


The Neonatal Glomerulus 


Up to the age of at least 4 months, immature glomeruli in the nephro- 
genic zone revealed a striking difference in the structure of the epithe- 
lium. In these glomeruli (Fig. 4), many of the capillaries were in- 
vested by broad sheets of dense epithelial cytoplasm instead of by dis- 
crete foot processes. The endothelial layer and basement membrane, 
however, exhibited characteristics similar to those of the normal, fully 
developed glomerulus. 

Lipid Nephrosis 


The most striking abnormality seen in lipid nephrosis occurred in 
the basement membrane. This structure exhibited irregular foci of 
thickening due to peripheral strand-like projections (Figs. 5 to 11). 
There were also regions in which the basement membrane was markedly 
attenuated (Figs. 6 tog). Asa result, the external surface of the base- 
ment membrane assumed a scalloped appearance. As noted by 
others,’*"* the podocyte processes were replaced by broad sheets of 
protoplasm derived from the same cells. Sheets of epithelial cytoplasm, 
which were frequently quite dense, invested the external surface of the 
capillary, filling the interstices formed by the irregular basement mem- 
brane. In more tangential sections, a mosaic pattern due to alternating 
segments of basement membrane and epithelial cytoplasm were noted 
(Figs. 5 and 10). The most significant lesion was characterized by 
actual breaks or defects in the basement membrane, several hundred 
to 1,000 A units in extent (Figs. 10 and 11). At the sites of these 
interruptions, epithelial and endothelial cells were in direct contact. 
The dense appearance of the epithelial cytoplasm adjacent to the base- 
ment membrane appeared to be due to the existence of numerous fila- 
ments, which were often continuous with the basement membrane 
(Figs. 7, 8 and 10). 

The epithelium contained numerous cystic spaces filled with a sub- 
stance of an electron density similar to that of intracapillary plasma. 
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In addition, large granules, possibly colloid droplets, were often seen in 
intimate relation to the podocyte vesicles (Figs. 5 and 6). These cysts 
and dense droplets occur in other diseases characterized by increased 
glomerular filtration of protein. They may be related to protein passage 
through the epithelial cytoplasm, although the exact relationship is 
obscure at present. 

The endothelium frequently appeared to be hyperplastic, contained 
cytoplasmic vacuoles, and formed villus-like projections. 

The glomeruli studied in this case were all of normal appearance 
when examined with the light microscope. This is not surprising, since 
the combined overall thickness of the endothelium, basement membrane 
and epithelial foot process layers was approximately normal despite 
the alterations observed with the electron microscope. The light micro- 
scopist probably visualizes these 3 layers of the capillary wall as “the 
basement membrane,” and any changes occurring within this inte- 
grated structure, such as those seen in lipid nephrosis, would not be 
resolvable by conventional histologic techniques. 


Amyloidosis 


The earliest glomerular deposits of amyloid were seen beneath the 
endothelium (Fig. 12), and were surrounded peripherally by a normal 
basement membrane and a layer of podocytes. In the more extensive 
lesion, amyloid substance penetrated and replaced the portion of the 
basement membrane contiguous to the epithelium (Figs. 12 and 13). 
Under these circumstances, the podocytes exhibited the previously de- 
scribed alteration which consisted of replacement of foot processes by 
extensive sheets of cytoplasm (Figs. 12 to 14). Frequently, masses of 
amyloid were noted, external to what appeared to be an intact or 
thickened basement membrane (Fig. 14), indicating that actual base- 
ment membrane destruction was limited to relatively few foci, even 
in the presence of extensive amyloid deposition. The amyloid sub- 
stance was composed of a very loose, irregular meshwork of thin 
(approximately 100 A units) filaments that showed some evidence of 
beading or periodic structure (Figs. 14 to 16). The distance between 
the filaments was of the order of several hundred A units. The epithe- 
lial cells contained vacuoles similar to those encountered in lipid 
nephrosis. Occasionally one observed cellular organelles embedded in 
a matrix of amyloid in the early lesions, suggesting that the material 
was synthesized by the endothelial cells. More advanced amyloidosis 
was characterized by sheets of amyloid substance and also numerous 
collagen fibers. In these instances the overall glomerular architecture 
was distinguished with extreme difficulty. 
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Subacute and Chronic Glomerulone phritis 


This condition was characterized primarily by thickening of the 
basement membrane. Frequently, endothelial elements were found 
embedded in broad sheets of basement membrane (Fig. 17). 

The epithelium exhibited a varying degree of loss of the normal foot 
process pattern, and its cytoplasm contained vacuoles. Some degree of 
endothelial cell hyperplasia was present. There were occasional defects 
in the thickened basement membrane (Fig. 18) which were similar to 
those described in lipid nephrosis. They were, however, not nearly as 
numerous. Here also there was apposition of epithelium and endothe- 
lium. Further progression of the lesion was characterized by the pro- 
duction of collagen fibers and the loss of recognizable glomerular 


structure. 
DISCUSSION 


These electron microscopic studies on a limited number of renal 
biopsy specimens demonstrated the existence of a constant abnormality 
associated with proteinuria in several types of renal disorder. The 
abnormality consisted of a loss of continuity of the normally continuous 
basement membrane in the glomerular capillary wall. In lipid nephrosis 
and subacute and chronic glomerulonephritis, the basement membrane 
discontinuities actually consisted of gaps or pores, through which endo- 
thelial and epithelial cells were in intimate contact. In amyloid dis- 
ease, the discontinuities were due to replacement of the basement 
membrane by amyloid substance with far looser structure. The defects 
in the basement membrane may constitute the structural basis of pro- 
teinuria. They were of appropriate size to permit relatively free diffu- 
sion of protein while excluding the cellular elements of the blood. The 
lesions described by others,’*** consisting of a transformation of the 
normal epithelial foot processes were also observed. These had been 
considered to represent the characteristic alteration in the lesion of 
nephrosis. It appears, however, that this represents a change which is 
secondary to the underlying alteration in the basement membrane. 

The fact that a similar epithelial pattern was observed in the imma- 
ture glomerulus suggests that this type of alteration is not necessarily 
present in glomeruli that are hyperpermeable to proteins. However, 
one should be cautious in considerations of the function of the neonatal 
glomerulus since there is some evidence that increased filtration of 
protein occurs in the newborn.”® The reason for the confluence of foot 
processes in association with basement membrane lesions is not clear. 
It may well be due to an attempt by the epithelium to repair the filtra- 
tion mechanism. This mechanism has been suggested by Farquhar and 
her colleagues.**** On the other hand, the epithelium itself may be 
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intimately associated with the synthesis of the basement membrane. In 
renal disease there is thickening of the basement membrane as well as 
destruction of it, indicating that synthesis of this structure may occur 
at an increased rate. The apposition of broad sheets of epithelial cyto- 
plasm to the external surfaces of the capillaries might thus reflect an 
increased rate of formation of the basement membrane. It is possible 
that both factors are involved: namely, the plugging of pores in the 
basement membrane, and an increased rate of membrane synthesis. 
The characteristic appearance of the infantile glomerulus might be 
explained on the basis of the second supposition. 

The observations in the pathologic glomerulus support the thesis 
that the basement membrane is the ultimate diffusion barrier, at least 
in respect to protein. The filtration mechanism in the abnormal glomer- 
ulus is still rather obscure. It apparently is necessary for the plasma 
filtrate to pass through the cytoplasm of the altered epithelial cells. 
Whether this passage is by way of the endoplasmic reticulum or via 
other structures cannot be stated. The cystic alteration in the epithe- 
lium in patients with proteinuria may bear some relationship to such 
preformed intracellular channels. 

It is believed that the failure of other investigators to have observed 
defects in the basement membrane in lipid nephrosis and glomerulo- 
nephritis is due to differences in techniques—mainly, the failure to im- 
prove contrast by means of phosphotungstic acid staining. It is 
interesting to point out, however, that Farquhar and co-workers**** 
described the thickened basement membrane in glomerulonephritis and 
lipid nephrosis to be “moth eaten.” 

The localization of the earliest amyloid deposits in the subendothelial 
area is in accordance with Teilum’s observations, which suggest its 
synthesis by endothelial cells.2* However, whether the amyloid com- 
plex is actually synthesized by the endothelium or represents a deposit 
of material derived from the plasma,”* cannot be ascertained definitely 
at present. The former hypothesis seems to be more likely. The present 
studies are in accordance with those of Cohen, Weiss and Calkins.’ 
These authors demonstrated the subendothelial localization as well as 
the fibrous nature of the amyloid substance in the rabbit spleen in 
experimental amyloidosis. 

We have not as yet examined by electron microscopy other forms of 
renal abnormality associated with proteinuria. However, on the basis 
of rather limited observations, the underlying structural alteration as- 
sociated with increased glomerular capillary permeability to protein 
appears to consist of interruptions in the basement membrane. 
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SUMMARY 


The structure of the normal and neonatal glomerulus has been 
reviewed. 

Electron microscopic investigation in examples of lipid nephrosis, 
amyloidosis and subacute and chronic glomerulonephritis with pro- 
teinuria have shown interruptions in the basement membrane as a 
constant structural alteration. These have been accompanied by alter- 
ations in glomerular epithelium previously described by others. 

The significance of the abnormalities has been discussed in terms of 
normal and abnormal glomerular filtration. Increased protein filtration 
in lipid nephrosis and glomerulonephritis is probably the result, at least 
in part, of defects in the basement membrane. In amyloid disease, 
proteinuria is probably caused by the replacement of the basement 
membrane by the structurally looser amyloid substance, which permits 
increased diffusion of protein. The earliest deposits of glomerular 
amyloid were found in the subendothelial region of the capillary loops. 
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[ Illustrations follow ] 
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LEGENDS FOR FIGURES 
Key to abbreviations in electron micrographs: 


En = Endothelium Dr = “Colloid droplet” 
Nuc = Endothelial nucleus BS = Bowman’s space 
BM = Basement membrane RBC = Red blood cell 

Ep = Epithelium Am = Amyloid substance 


Vac = Vacuole 


Fic. 1. Survey photograph of normal glomerulus. The 3 elements forming the 
glomerular capillary wall are seen: endothelium, basement membrane and 
epithelium. The endothelium exhibits the characteristic pores which in one 
area (arrow) are sectioned tangentially. Portions of epithelial cells and their 
foot processes are evident. The basement membrane is the dense layer between 
epithelium and endothelium. X 11,000. 


Fic. 2. Normal glomerulus. Epithelial cytoplasm contains fine filaments. Base- 
ment membrane appears fibrous. In some areas there appears to be continuity 
between filamentous material in the epithelial foot processes and the basement 
membrane proper (arrow). Pores in the endothelium are seen in both radial 
and tangential orientations. X 28,100. 
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Fic. 3. Normal glomerulus. The fibrous nature of the basement membrane is evi- 
dent. Continuity between epithelial filaments and the basement membrane can 
be seen (arrows). There are also lateral connections between epithelial pedicels. 
X 42,600. 


Fic. 4. Neonatal glomerulus from nephrogenic zone. Differentiation of discrete 
foot processes in the epithelium is not present. The external aspect of the base- 
ment membrane is invested by broad sheets of epithelial cytoplasm. XX 23,000. 
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Fic. 5. Lipid nephrosis. The basement membrane is irregular and varies in thick- 


FI 


ness. The normal foot process pattern of the epithelium is replaced by con- 
fluent sheets of cytoplasm. The epithelial cells contain vacuoles which are 
frequently associated with “colloid droplets.” Endothelium is hyperplastic. 
X 35,000. 


.6. Lipid nephrosis. An irregular basement membrane which is markedly nar- 
rowed in one area (arrow) is seen. The epithelium consists of confluent masses 
of cytoplasm which contain vacuoles and droplets. The endothelium is slightly 
thickened. X 29,600. 
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Fic. 7. Lipid nephrosis. Several areas of marked narrowing of the basement mem- 


brane are seen (arrows). The dense appearance of the juxta-basement mem- 
brane portions of the epithelium is apparently due to the presence of numerous 
cytoplasm filaments which continue into the basement membrane proper. 
X 37,100. 


8. Lipid nephrosis. In one region the basement membrane is markedly attenu- 
ated (arrow). At other points there are peripheral strand-like overgrowths of 
basement membrane. Epithelium again reveals the presence of fine filaments. 
Endothelium is thickened and contains vacuoles. 49.100. 
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Fic. 9. Lipid nephrosis. Similar to preceding page. Alternating zones of thickening 
and attenuation of the basement membrane are evident. 


X 51,500. 
Fic. 10. Lipid nephrosis. An obvious defect in the basement membrane is visible 


(arrow). In this region there is contact between epithelial and endothelial 
cytoplasm. X 44,800. 
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11. Lipid nephrosis. A defect in the basement membrane (arrow) as well as 
areas of basement membrane overgrowth are apparent. X 41,900. 


12. Amyloidosis. At the upper left a subendothelial deposit of amyloid sub- 
stance is present, internal to an intact basement membrane. On the right 
another nodule of amyloid is present which has penetrated and replaced the 
basement membrane. In this region the epithelium reveals confluence of its 
foot processes into a broad cytoplasmic sheet. The portion of the capillary 
wall intervening between the amyloid deposits is essentially normal. XX 12,700. 
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Fic. 13. Amyloidosis. A localized mass of amyloid has replaced the basement 
membrane and extends from the endothelial cell layer to the epithelial layer. 
X 24,600. 


Fic. 14. Amyloidosis. The capillary wall is markedly thickened as the result of 
amyloid deposit. The amyloid substance consists of a loose meshwork of fine 
filaments. Remnants of basement membrane are present. Epithelium is organ- 
ized in a continuous sheet of cytoplasm. XX 36,000. 


69 


PROTEINURIA 


Jan—Feb., 1959 


70 


FIG. 15. 


Fic. 16. 
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Amyloidosis. The loose fibrous nature of the amyloid is apparent. X 16,800. 


Amyloidosis. A mass of glomerular amyloid exhibits a fibrous nature. 
25.800. 
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Fic. 17. Subacute and chronic glomerulonephritis. Broad sheets of thickened base- 
ment membrane contain embedded endothelial cells. 13,500. 


Fic. 18. Subacute and chronic glomerulonephritis. At the lower right the capillary 
wall is relatively normal except for a thickened basement membrane. Toward 
the center and top of the photograph the basement membrane is defective 
(arrow), permitting apposition of the endothelial and epithelial cell layers. In 
this region the epithelium appears as a confluent sheet of cytoplasm. XX 22,400. 
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LOCALIZATION OF COLLOIDAL SUBSTANCES IN VASCULAR 
ENDOTHELIUM. A MECHANISM OF TISSUE DAMAGE 


I. Factors CAUSING THE PATHOLOGIC DEPOSITION OF 
COLLOIDAL CARBON * 


Barujy BENACERRAF, M.D.; Rospert T. McCiuskey, M.D., and Dorotuy Patras, M.D. 


From the Department of Pathology, New York University College of Medicine, 
New York, N.Y. 


The classical description by Aschoff* defined a group of cells, desig- 
nated as the reticuloendothelial system (R.E.S.), which are character- 
ized by their highly phagocytic behavior toward colloidal particles and 
dyes. He included in this system the Kupffer cells, the cells lining the 
sinuses of the spleen, lymph nodes and bone marrow, and the endo- 
thelial cells in the adrenal and anterior pituitary. These cells are nor- 
mally concerned with the removal of particulate matter from the blood. 
The phagocytic capacity of endothelium in other locations has been a 
subject of controversy.” Foot® has reported phagocytosis of India ink 
in pulmonary vessels. Domagk and Neuhaus,’ as well as Klostermeyer,° 
claimed that the endothelial cells of pulmonary capillaries and to a 
lesser extent of glomeruli were phagocytic for bacteria. This was denied 
by Pratt® who considered the bacteria in the lungs to be within macro- 
phages rather than in capillary endothelium. 

The arrest of colloids in sites other than the R.E.S. can be explained 
on the basis of two distinct mechanisms. First, it may be caused by the 
coagulation or flocculation of the suspension investigated in the circu- 
lation and its consequent arrest in capillaries, and secondly, it may be 
the result of alteration of the endothelium itself whereby it becomes 
phagocytic or sticky for the circulating colloid. 

The work of Halpern, Benacerraf and Biozzi? emphasized the im- 
portance of using tracer colloidal suspensions which remain well dis- 
persed in the blood in a wide range of concentration and which are 
devoid of toxicity. They demonstrated that the abnormal localization 
of India ink observed in lung capillaries was caused by a process of 
intravascular coagulation of fibrin brought about by the shellac in the 
preparation. 

However, even if a preparation is used that is stable in the circula- 
tion and does not cause intravascular clotting, the endothelium of blood 
vessels can still be shown to accumulate carbon under certain circum- 


* This study was aided by grants from the Nephrosis Foundation and the American 
Heart Association. 
Received for publication, June 26, 1958. 
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_ stances. The endothelial cells of capillaries and venules in the skin 
have been found to take up carbon or dyes at the site of injection of 
inflammatory agents such as histamine.*® Jancso® suggested that 
histamine “activates” endothelium to become phagocytic. Whatever 
the exact mechanism, the occurrence of stickiness of endothelium for 
circulating colloids as well as platelets and leukocytes is a well known 
feature of the inflammatory reaction. 

The purpose of this study is to investigate the deposition of colloidal 
particles in other sites than the R.E.S. under the influence of: dosage 
of colloid employed; blockade of the R.E.S.; the systemic effects of 
vasoactive amines and soluble antigen-antibody complexes in antigen 
Xcess. 

It is generally accepted that the phagocytosis of particulate matter 
by the macrophage system is beneficial to the organism. However, the 
significance of the arrest of potentially harmful or toxic colloidal mate- 
rials or bacteria in other sites by the mechanisms investigated in the 
present study has not been sufficiently emphasized as a mechanism of 
MatTERIAL AND METHODS 

Use was made of a nontoxic stable suspension of carbon C11-1431a 
from the firm Giinther, Wagner, of Hanover, Germany. This prepara- 
tion, made of particles about 250 A in size, contains approximately roo 
mg. of carbon per ml. in a solution of partially hydrolyzed gelatin and 
phenol. For most of the experiments this preparation was diluted with 
a solution of gelatin, as previously described,’ to further guarantee 
the stability of the suspension. When large doses were to be adminis- 
tered, the preparation was dialyzed against water to remove the phenol. 
This carbon suspension has been used to explore the phagocytic func- 
tion of the R.E.S.** The clearance of these efficiently phagocytized 
carbon particles follows an exponential function of time, C = C,1o-** 
where C = concentration of carbon at time T. The constant K expresses 
the rate of phagocytosis and varies inversely with injected dose. K X 
D = constant, which illustrates the saturating effect of phagocytized 
carbon on the R.E.S. All experiments were performed on adult white 
male Swiss Webster mice. The animals were sacrificed by decapitation, 
and sections were prepared of heart, lung, liver, spleen, kidney, stom- 
ach, skin, and, in some cases, aorta and brain. 

Antigen-antibody complexes were prepared from rabbit antiserums 
against 3 times recrystallized hen ovalbumin or bovine serum albumin 
(BSA). The serums were analyzed for antibody by the quantitative 
precipitin technique.’* 

The antiovalbumin serum contained 1.44 mg. per ml. of antibody 
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protein. Ten ml. of this serum were precipitated at the equivalence 
point by antigen. After several washings in saline and centrifugation, 
the precipitate was redissolved in 150 mg. ovalbumin in 4 ml. of saline. 
Five ml. of anti-BSA containing 2.3 mg. of antibody protein per ml. 
were precipitated with BSA at its equivalence point and subsequently 
redissolved with 25 mg. of BSA in 1 ml. of saline. The soluble com- 
plexes were injected as described below. 


EXPERIMENTS 


The Effect of Dosage on the Distribution of Carbon Particles 

It has been established that when 16 mg. of carbon per roo gm. of 
body weight are injected intravenously into mice, the carbon particles 
are cleared within an hour by the R.E.S. About go per cent of the 
injected carbon is found in the liver and spleen. No carbon is found 
in the endothelium of kidney, lung, heart, or skin.**** The same results 
were observed in the present study (Fig. 1). 

It was found that the repeated daily injection of 16 mg. of carbon 
per 100 gm. for 5 days in a group of 10 mice did not result in deposition 
of carbon in sites outside the R.E.S. In order to investigate the effect 
of overloading the R.E.S. on the distribution of injected carbon, 4 doses 
of 70 mg. of carbon per 100 gm. were injected into 12 mice in 48 hours. 
Another group of 12 mice received the same dose once a day for 6 days. 
This severe overloading of the R.E.S. resulted in death of 7 of the 24 
mice in spite of the nontoxic properties of the carbon suspension, pre- 
sumably because of increased susceptibility to infection. Despite a 
marked increase in capacity of the R.E.S. as evidenced by the enlarge- 
ment of the liver and spleen to twice their normal combined weights, 
the distribution of the carbon particles under these conditions was quite 


different from what was seen with the smaller dose. The endothelial ~ 


cells of arteries, veins and capillaries in many locations were heavily 
laden with carbon particles. In the liver itself, carbon was seen not 
only in markedly enlarged Kupffer cells, but also within the endothe-~” 
lium of sinuses, hepatic and portal veins, and to a lesser extent in the 
hepatic cells themselves, where it had a finely granular appearance 
(Fig. 2). In the spleen there was marked hyperplasia and increased 
phagocytosis in the red pulp. In the lung, carbon was present in 
macrophages within alveoli and in the endothelial cells of pulmonary 
arteries and capillaries (Fig. 3). The kidney showed a striking accumu- 
lation of particles within glomeruli (Fig. 4) and also within endothe- 
lium of blood vessels of all sizes. In the heart, granules of carbon were 
seen within the endothelium lining the chambers and covering the heart 
valves (Fig. 5) and within the endothelium of coronary arteries. The 
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larger arteries such as the aorta showed phagocytosis by endothelial 
cells (Fig. 6). 

Thus it can be seen that with prolonged and excessive administration 
of colloidal particles, phagocytosis by endothelium can be demon- 
strated in regions where it is not normally observed. The phagocytic 
properties of the cells of the R.E.S. can therefore be considered as an 
especially active function of endothelium in general. The accumulation 
of carbon in areas other than the R.E.S. varied in intensity and was 
most marked in glomeruli, small vessels of the heart, pulmonary arter- 
ies, and most small veins. As will be shown, these are in general the 
areas in which the endothelium can be most easily activated. 


The Effect of Previous R.E.S. Blockade on the Distribution 
of Carbon Particles 


In the experiments described above, the overloading of the R.E.S. 
caused by the repeated injections of carbon may have been an important 
determining factor in the altered distribution observed. To investigate 
this further, a group of 5 mice received injections of 3 doses of thoro- 
trast, 1 ml. per 100 gm., every 48 hours. Such a course of treatment 
with thorotrast has been shown to cause effective saturation of the 
phagocytic activity of the R.E.S.* Twenty-four hours after the last 
dose, the mice received 16 mg. of carbon per 100 gm. 

In these mice, the amount of carbon in the R.E.S. was less than that 
usually seen (Fig. 7), and carbon particles were found in endothelium 
in other locations, particularly in renal glomeruli (Fig. 8). All the 
cells of the R.E.S. were markedly swollen and contained pale pink or 
yellow granules, representing phagocytized thorium dioxide. In the 
spleen there were numerous nodular accumulations of swollen macro- 
phages in the form of granulomatous lesions (Fig. 9). The glomerular 
cells were markedly swollen and contained pale pink or yellow mate- 
rial, representing thorotrast, as well as carbon (Fig. 8). 


The Effects of Vasoactive Amines on the Distribution 
of Carbon Particles 


The work of Jancso® and Biozzi, Mene and Ovary® has emphasized 
the role of histamine in producing activation of the endothelium of 
blood vessels of the skin to phagocytize colloidal carbon. These effects 
have been studied locally and are associated with increased capillary 
permeability, which is also a feature of the inflammatory reaction. 
Experiments were performed to ascertain whether the systemic admin- 
istration of histamine, serotonin or adrenalin would cause deposition 
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of carbon in the vascular endothelium of various organs, when 16 mg. 
of carbon per 100 gm. were injected, a dose which is normally removed 
exclusively by the R.E.S. Serotonin was injected intravenously in doses 
of 0.25, 0.5, and 1.5 mg. Histamine dihydrochloride was given in doses 
of 5 mg. intravenously or intraperitoneally; the mouse is notably re- 
sistant to the lethal effect of histamine. Adrenalin was administered 
intraperitoneally in doses of 0.05 and o.1 mg. Combinations of these 
substances were also used in some instances, employing the same doses. 
Within a few minutes after the injection of these agents, the carbon 
suspension was injected slowly and the animals sacrificed one to two 
hours later. 

The experiments were performed several times on groups of at least 
4 mice for each substance or combination of substances tested. Since 
in some mice given adrenalin or serotonin, thrombi were observed, 
similar investigations were also carried out using animals given 100 to 
200 U.S.P. units of heparin (Organon) intravenously, 15 minutes 
before the experiments. 

In all of the experiments most of the carbon was phagocytized by the 
R.E.S. in the usual fashion, but the agents studied caused deposition in 
various other sites as will be described below. 

Histamine. Abnormal deposition of carbon in histamine-treated ani- 
mals was seen as follows: Fine granules of carbon were found in endo- 
thelial cells of glomeruli but not elsewhere in the kidneys. The 
capillaries and venules of the heart and the serosa of the stomach also 
contained carbon in endothelial cells. No more than traces of carbon 
were found in the vessels of the skin or lung. Pretreatment with 
heparin did not alter these effects of histamine. 

Adrenalin. The changes observed with adrenalin were striking. There 
was marked accumulation of carbon in the venules and capillaries in 
the renal medulla (Fig. 10) and a small amount in glomeruli. The 
venules and capillaries in the gastric mucosa seemed to have their 
lining coated with carbon (Fig. 11). In the lung and to a lesser extent 
in the kidney, carbon was present in the form of large intravascular 
clumps, suggesting thrombus formation. Pretreatment with heparin 
reduced considerably the accumulation of carbon in the form of clumps, 
but did not reduce the amount of carbon in renal glomeruli or in the 
gastric mucosa. 

Serotonin. Serotonin caused relatively slight abnormal deposition of 
carbon. As in the case of adrenalin, carbon was found in the vessels of 
the renal medulla and in the form of clumps in the lung. In the latter 
location, this was largely prevented by pretreatment with heparin. 
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The combination of serotonin and adrenalin increased the severity of 
adrenalin effects, and in this situation also the formation of thrombi in 
the lung and kidney was largely prevented by heparin. 


The Effect of Soluble Antigen-Antibody Complexes 
on the Distribution of Carbon 


Histamine and serotonin are released from mast cells as a result of 
antigen-antibody interaction. Germuth’® has shown that soluble anti- 
gen-antibody complexes, when injected intravenously into guinea pigs, 
caused anaphylactic reactions due to liberation of agents such as hista- 
mine. In order to investigate the effects of release of endogenous 
histamine and related substances on the distribution of carbon, 6 mice 
received injections of soluble antigen-antibody complexes. Three mice 
were given 3.5 mg. of anti-BSA in the form of soluble complexes with 
BSA, and 3 other mice received 2.5 mg. of antiovalbumin in the form 
of soluble complexes with ovalbumin. Five minutes later 16 mg. of 
carbon per 100 gm. were slowly injected intravenously, and the animals 
were sacrificed about two hours later. 

The changes observed in carbon distribution were more striking than 
with any of the pharmacologic agents investigated. In the kidney there 
were many fine granules in glomerular endothelial cells (Fig. 12). In 
the heart, carbon was seen in the endocardium, including the heart 
valves (Fig. 13), in coronary arteries and in the small blood vessels, 
especially in the epicardial fat (Fig. 14). There was considerable 
accumulation of carbon in the venules and capillaries throughout the 
wall of the stomach (Fig. 15). In the skin and subcutaneous tissues 
there was marked accumulation of carbon in the endothelium of small 
blood vessels (Fig. 16). In the lung there was virtually no carbon, 
indicating that there had been no intravascular clotting. 


DIscussION 


Repeated injections of colloidal materials leading to prolonged ele- 
vation of blood levels resulted in phagocytosis by endothelial cells in 
sites other than the R.E.S. The histologic findings clearly demonstrated 
the presence of colloidal carbon within vascular endothelial cells. Al- 
though this occurred in virtually all endothelial cells, storage of carbon 
was more prominent in certain regions than in others; venules and 
renal glomeruli showed the most striking accumulation. 

The data provide evidence for the phagocytic properties of endo- 
thelium outside of the R.E.S., a problem which has been discussed 
frequently.” Under normal circumstances the great avidity of the 
R.E.S. for colloidal particles and its great capacity do not allow the 
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demonstration of these properties. These findings are in agreement with 
the recent observation of Buck who found accumulation of thorium 
dioxide within endothelial cells of large arteries in rabbits following 
the administration of large doses of thorotrast.'® 


Aside from circumstances where there is overloading of the R.E.S., | 


phagocytosis by vascular endothelium is known to occur at sites of 


inflammation and after local injections of histamine.*® The present ° 


study was not concerned with the mechanism by which this was 
brought about. The activation of endothelium may be the result of 
altered function of the cells, or a consequence of a change in the endo- 
thelial surface which renders it sticky for a variety of materials and 


which may represent the first step in phagocytosis. Whatever the - 


mechanism, this phenomenon may be of importance in the pathogenesis 
of disease states which depend upon the localization of injurious col- 
loidal or particulate material, in such sites as heart valves, renal 
glomeruli or arteries.** 

The systemic administration of serotonin, adrenalin, or histamine 
causes localization of carbon in the vessels of the heart, kidney, and 
stomach. The effects of serotonin or adrenalin may be determined in 
part by the occurrence of intravascular clotting or by changes in hemo- 
dynamics. Infusion of adrenalin has been shown to accelerate blood 
clotting in vivo.*® The systemic administration of histamine appears to 
result in abnormal localization attributable to changes in the endothe- 
lium itself, especially in renal glomeruli and small vessels of the heart. 

The most interesting results were seen after the administration of 
soluble antigen-antibody complexes which are known to cause liberation 
of endogenous histamine, serotonin, and possibly other substances from 
mast cells.*° There was striking accumulation of carbon in glomerular 
endothelium and the small blood vessels of the heart, similar to what 
occurred after the administration of histamine, but in addition there 
was marked deposition of carbon in small blood vessels in the skin and 
in and around the stomach. It is reasonable to relate the findings with 
the large number of mast cells in these areas. The phenomena described 
may have some bearing on the pathogenesis of lesions of experimental 
serum sickness, since antigen-antibody complexes, which are handled 
as unstable colloids by the R.E.S.” circulate during the period when 
lesions appear and are localized at the sites of tissue damage.'"”° 


SUMMARY 


Phagocytosis of colloidal carbon by vascular endothelium of blood 
vessels, glomeruli and heart valves was demonstrated after injection of 
amounts of carbon which overloaded the reticuloendothelial system. 
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Blockade of the R.E.S. by thorotrast resulted in deposition of carbon 
in the glomeruli, and in endothelium in other locations, following 
injection of carbon in amounts normally cleared by the R.E.S. 

Systemic administration of histamine caused abnormal localization 
of carbon particles in vascular endothelium, especially in glomeruli 
and small blood vessels of the heart. Treatment with serotonin or 
adrenalin also brought about abnormal localization of carbon, which 
was partly prevented by prior administration of heparin. 

Soluble antigen-antibody complexes caused marked abnormal depo- 
sition of injected carbon in glomeruli, heart valves, and small blood 
vessels in the skin and stomach. 

The significance of these observations with respect to the production 
of tissue damage is discussed. 
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LEGENDS FOR FIGURES 


All sections were stained with hematoxylin and eosin. 


Fic. 1. Liver from a mouse given 16 mg. of carbon per 100 gm. and sacrificed one 


hour later. The Kupffer cells are loaded with carbon. X 175. 


Fic. 2. Liver from mouse given 4 injections of 70 mg. of carbon per 100 gm. in 48 


Fic. 3. Pulmonary artery from mouse shown in Figure 2. Carbon particles are 


hours. The Kupffer cells are markedly swollen and loaded with carbon. Carbon 
is also present within endothelium in portal vein and hepatic cells. X 200. 


found within endothelial cells. X 300. 


Fic. 4. Kidney from mouse given 70 mg. of carbon per 100 gm. daily for 6 days. 


The glomeruli show marked accumulation of carbon. X 300. 
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5. Mitral valve from mouse given 70 mg. of carbon per 100 gm. for 6 days. 
There is marked irregular deposition of carbon within the valve leaflet. X 385. 


6. Aorta from mouse given 4 injections of 70 mg. of carbon per 100 gm. in 48 
hours. Fine particles of carbon are present in endothelial cells. 650. 


7. Liver from mouse given 3 injections of thorotrast every 48 hours, followed 
by 16 gm. of carbon per 100 gm. The mouse was sacrificed 4 hours after the 
carbon injection. The Kupffer cells are swollen and contain yellow or pink 
granules (thorotrast) and only a small amount of carbon. X 175. 


8. Kidney from mouse shown in Figure 7. The glomerular cells are swollen 
and contain yellowish pink granules (thorotrast) and some carbon particles. 
X 650. 
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FIG. 
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g. Spleen from mouse given 3 injections of thorotrast every 48 hours followed 
by 16 mg. of carbon per 100 gm. There are nodular aggregates of mononuclear 
cells containing thorotrast. Only a small amount of carbon is present. XX 175. 


10. Renal medulla from mouse given o.1 mg. of adrenalin followed by carbon, 
16 mg. per 100 gm. The mouse was sacrificed one hour later. The lining of the 
blood vessel in the center is covered with carbon. X 450. 


11. Gastric mucosa from mouse shown in Figure 10. There is carbon lining the 
endothelial surface of the small blood vessels. X 175. 


12. Kidney from mouse given soluble antigen-antibody complexes (BSA- 
anti-BSA) followed by carbon, 16 mg. per 100 gm. The mouse was sacrificed 
two hours later. The glomerular cells are swollen and contain fine particles of 
carbon. X 450. 
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13. Mitral valve from mouse given soluble antigen-antibody complexes (oval- 
bumin-antiovalbumin) followed by 16 mg. of carbon. The mouse was sacrificed 
two hours later. Some of the endothelial cells of the valve contain carbon 
particles. X 650. 


14. Heart from mouse shown in Figure 13. The small vessels in the pericardial 
adipose tissue contain carbon in their endothelial cells. 300. 


15. Stomach wall from mouse given soluble antigen-antibody complexes (BSA- 
anti-BSA) followed by carbon, 16 mg. per 100 gm. The mouse was sacrificed 


two hours later. The small vessels in the muscular wall contain carbon in their 
endothelial cells. 140. 


16. Skin from mouse shown in Figure 15. The venules show accumulation of 
carbon within endothelial cells. X 300. 


| 

|| 


I Jan-Feb.,1959 COLLOIDAL SUBSTANCE IN ENDOTHELIUM gI 


| 
a 

- 


THE MORPHOLOGIC ELEMENTS IN THE EARLY LESIONS 
OF ARTERIOSCLEROSIS * 


Henry Z. Movat, M.D., Ph.D.;+ M. Darra Havust, M.D., and Rosert H. More, M.D. 
From the Department of Pathology of Queen’s University and the Kingston General 


Hospital, Kingston, Ont., Canada 

Although some of the early focal intimal thickenings of the aorta 
commence as minute accumulations of lipids, other early lesions de- 
velop by a different mechanism. It was found that not all develop as 
lipid-rich lesions, nor do they all progress to a stage of atheroma. More 
advanced and even old lesions, although quite prominent, can be almost 
completely devoid of lipid. Therefore, the term “arteriosclerosis” in- 
stead of “atherosclerosis” is preferred. 

The material for this study was selected on the basis of gross appear- 
ance. The lesions considered to be early appeared grossly as (1) 
circumscribed and diffuse glassy translucent elevations; (2) white 
opaque elevations (plaques); (3) small red mural thrombi; or (4) 
yellow dots and streaks. In addition, one group of lesions was included 
even though they were so small that they represented a chance observa- 
tion. These were not visible grossly and were discovered accidentally 
on microscopic examination; they were also considered to represent 
early alterations. 

The staining and other technical procedures were carried out as 
described in another publication." From a total of 148 aortas, 470 
sections were examined: 56 represented fatty dots and streaks; 129 
were gelatinous elevations; 5 were small, just visible thrombi; and 13 
were small, grossly invisible thrombi. The white opaque elevations 
(plaques) will be dealt with in a subsequent publication. 


RESULTS 
Gelatinous Elevations 


The basic change, whether circumscribed or diffuse, consisted of an 
edematous swelling of the intima. This was caused by “insudation” of 
serum or plasma into the intima. In the swollen intima the 2 to 3 
layered pattern described previously? was frequently distorted or no 
longer discernible. The various components of connective tissue, such 
as collagen, elastic fibers, and ground substance, and cellular elements, 


* Supported by grants-in-aid from Public Health Research Grants of Canada and the 
Bickell Foundation of Toronto, Canada. 
Received for publication, March 24, 1958. 
{ Present address: Department of Pathology, University of Toronto, Banting Institute, 
Toronto, Ont., Canada. 


93 


04 MOVAT, HAUST AND MORE Vol. 35, 


as well, had undergone lysis. In sections stained with toluidine blue, 
the metachromasia normally present in the intima was diminished and 
at times absent, indicating a diminution, “dilution,” or perhaps de- 
polymerization of acid mucopolysaccharides (AMP). In sections in 
which the AMP were stained with Alcian blue, such as pentachrome I 
or II* or Alcian blue-PAS-orange G, a decrease of Alcian blue-positive 
substance was noted. In milder lesions the elastic and collagen fibers 
were separated by the swollen ground substance (Fig. 1). Occasionally 
this change was confined only to the connective tissue layer of the 
intima (Fig. 2). In more pronounced lesions the 2 or 3 layered pattern 
described in the normal intima? was often completely wiped out (Fig. 
3). Although some fibrin could often be demonstrated in milder lesions, 
insuded threads of fibrin constituted an almost constant finding in 
more advanced lesions. The fibrin was present in the form of threads 
and stellate structures (Fig. 4), sometimes conglomerating to form 
clumps, and at times a meshwork, in which entrapped red cells were 
frequently noted (Fig. 5). Occasionally the serofibrinous insudate 
caused not only separation, but also swelling of collagen fibers (Fig. 6). 
Lipids could be demonstrated in the insudate at times. Whether the 
lipid had been present at the site of the lesion before the insudation 
had taken place, or whether it was a component of the insudate, could 
not be determined. The fat was present extracellularly in dispersed or 
finely granular form, or as intracellular lipid (Fig. 7). 


Fatty Dots and Streaks 


Microscopically, the small yellow dots were found to be comprised 
of accumulations of foam cells, located either beneath the endothelium 
(Fig. 8) or somewhat deeper in the intima (Fig. 9). Larger accumu- 
lations of foam cells corresponded to typical grossly visible yellow 
streaks. The largest streaks were formed by confluence of numerous 
foam cells (Fig. 10). Despite the marked accumulation of lipids seen 
in some lesions (Fig. 11), there was neither increase of connective tis- 
sue nor reactive fibrosis in response to the deposition of lipids. If such 
fatty lesions were covered by a fibrous cap, the origin of the latter 
could always be traced to recent or old mural thrombi.** 


Grossly Invisible Fibrin Thrombi 


This group of early alterations was discovered accidentally, no 
lesion being visible in the gross. While in large mural thrombi, described 
elsewhere,”® most of the blood constituents could be demonstrated, 
these small lesions proved to be recent mural thrombi composed of 
fibrin and platelets (Fig. 12). The fibrinous nature could be well dem- 


Jan—Feb., 1959 EARLY LESIONS OF ARTERIOSCLEROSIS 95 


onstrated with the phosphotungstic acid hematoxylin stain, in which a 
meshwork of fibrin was manifest in the less dense parts. Despite exten- 
sion of some thrombi over relatively large areas (Fig. 13), the under- 
lying intima showed no morphologic alterations. Some small mural 
thrombi, however, covered an intima which was the seat of insudation 
and swelling as described above (Fig. 14). When such thrombi had 
been present for some time, the fibrinous material appeared as acido- 
philic bands. Endothelium usually covered the thrombi, incorporating 
them into the wall of the aorta. The fate of mural thrombi will be dis- 
cussed in a subsequent paper.® 


Small Fibrin Thrombi, Barely Visible Grossly 


This last group of early lesions revealed a composition similar to the 
one just described; i.e., they consisted of fibrin and platelets. At times, 
however, some other constituents of the blood, such as red blood cells, 
could also be demonstrated. 


DISCUSSION 


Insudative lesions in the intima of the aorta were first described by 
Ribbert in 1904.° Despite a clear demonstration, these observations 
were neglected. In 1942 Bredt,’® stimulated by Klinge’s studies in 
rheumatic aortitis,7* examined the lesions in pulmonary arteries and 
described swelling of the intima as the earliest visible change in arterio- 
sclerosis of that vessel. Similar alterations were found in the aorta by 
Holle.’ Meyer*® was the first to describe fibrinous insudation occur- 
ring predominantly in the distal parts of plaques. This was believed to 
cause further progression of the plaques. Meyer used the term “‘insu- 
dation” in the belief that he was dealing with an inflammatory exudate 
in the sense of Virchow, who referred to arteriosclerosis as “endarteritis 
chronica deformans.” 

We have adopted the term “insudate”** as proposed by Meyer in 
order to emphasize the fact that the protein-rich material is deposited 
into the substance of the intima. Whether this represents an inflam- 
matory process is presently undetermined. If we accept Rdssle’s*® 
concept of serous inflammation, during the course of which lysis of 
connective tissue elements may be encountered, in contradistinction to 
noninflammatory edema, then the lesion in the aortic intima is of in- 
flammatory nature. Whether the lipid material found in these lesions 
has been deposited into the intima along with serum or plasma, or 
whether it had been there previously, could not be determined in our 
studies. 

An interesting aspect of the early lesions in which the lipids were a 
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predominant feature was the lack of a reactive fibrosis. It is generally 
believed that the fibrosis occurring in arteriosclerosis represents a 
reaction to the lipid pool. We could find no evidence for this hypoth- 
esis in our studies. If there was any fibrosis present, its origin from 
fibrinous material was always evident. These fibrin or fibrin-platelet 
thrombi, usually found on the surface of an intima, showed some degree 
of alteration such as serous or serofibrinous insudation or deposition of 
lipids. In some cases, however, the intima was unaltered. Submicro- 
scopic changes of the intima may have preceded the deposition of 
mural thrombi. We are thus in partial agreement with Rokitansky,”® 
Clark, Graef and Chasis,’* and contemporary British investigators,’*** 
that arteriosclerosis may develop as a result of thrombotic encrusta- 
tion. However, this is only one way in which this complex lesion has its 
inception. The other two demonstrable mechanisms are serous or sero- 
fibrinous insudation and deposition of lipids. 


SUMMARY 


The structure of lesions which appeared to represent the earliest 
alteration in the development of arteriosclerosis has been described 
and the gross and microscopic features correlated. 

Corresponding to the gelatinous translucent elevations, a swelling of 
the intima and insudation of serum and fibrin with or without lipids 
were noted. The microscopic counterpart of the yellow dots and streaks 
was an intracellular accumulation of lipid material. A remarkable 
observation was the absence of reactive fibrosis in fatty lesions. An 
incidental feature was the existence of small mural fibrin thrombi 
deposits, not only on altered but also on morphologically unaltered 
intima. 

These observations clearly indicate that the early focal lesions 
of arteriosclerosis in the aortic intima have at least 3 distinct pat- 
terns in their structural and chemical composition. It is not possible 
from these observations to determine whether further evolution of the 
3 lesions may lead to a common end stage. 
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LEGENDS FOR FIGURES 


1. Edematous swelling of the ground substance with separation of the formed 
connective tissue elements of the intima. Trichrome stain. X 110. 


2. Edematous swelling of the connective tissue layer of the intima, due to 
insudation of serum, causing “lysis” of acid mucopolysaccharide (AMP) and 
cells. Pentachrome I stain. X 100. 


3. Marked intimal swelling associated with decreased staining of AMP and 
lysis of formed connective tissue elements and cells. The normal 3 layered pat- 
tern, which was present in the adjacent normal intima, has been eradicated. 
Pentachrome I stain. X 30. 


4. Serofibrinous insudate of intima. The serous fluid seen as homogeneous 
gray material (light bluish-pink in sections) and the fibrin as black (intensely 
red in sections) threads, stellate structures, and clumps. Heidenhain’s azan 
stain. X 200. 


5. Dense meshwork of fibrin with entrapped red cells in a serofibrinous insu- 
date. Phosphotungstic acid hematein stain. X 450. 


6. Argentophilia of collagen fibers in a gelatinous plaque of the intima. The 
serous fluid between the fibers is seen as a homogeneous gray material. Gomori’s 
silver impregnation. X 200. 


7. Intracellular lipid seen as varying-sized black clumps and extracellular lipid 
in the form of granular material deposited along the elastic fibers. Carbowax 
section; Fettrot and hematoxylin stains. X 250. 


8. Accumulation of foam cells below the endothelium. Hemalum, phloxine, 
and saffron stains. X 100. 
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Fic. 
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3.9. A row of foam cells in the intima representing a small dot in the gross. 


Pentachrome II stain (elastica omitted). XX 250. 


. 10. Numerous lipophages forming a fatty streak. Note slight bulging of the 
intima. Carbowax section; Fettrot and hematoxylin stains. X 250. 


.11. Numerous lipophages in the upper part of the intima and extracellular 
lipids forming an early atheroma at the base of the intima. Carbowax section; 
oil red O, Alcian blue, and hematoxylin stains. 250. 


12. Small mural platelet-fibrin thrombus on the surface of unaltered intima. 
Trichrome stain. X 250. 


13. Small mural thrombus covering the intima over a large area. Intima shows 
no morphologic alteration. Phosphotungstic acid hematoxylin stain. X 150. 


14. Mural thrombus seen as a black streak on top of an intima showing insu- 
dative changes. Endothelium partly covers the thrombus, representing the first 
step in its incorporation into the vessel wall. Phosphotungstic acid hematoxylin 
stain. X 250. 
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PHAGOCYTOSIS OF MAST CELL GRANULE BY THE 
EOSINOPHILIC LEUKOCYTE IN THE RAT* 


Ronatp A. Wetsu, M.D., and Jacx C. Geer, M.D. 


From the Department of Pathology, Louisiana State University, 
School of Medicine, New Orleans, La. 


During the course of an electron microscope study of mast cell de- 
granulation in the rat peritoneal cavity, following administration of 
compound 48/80, eosinophilic leukocytes were discovered containing 
large ovoid bodies in their cytoplasm, identical in structure to liberated 
mast cell granules. The present report concerns the identification of 
these ovoid bodies in the eosinophils as mast cell granules which have 
undergone phagocytosis, and includes a discussion of the possible im- 
plications of this phenomenon. 


MATERIALS AND METHODS 


An inbred strain of crossed Sprague-Dawley and Rose-Illinois adult 
rats was used for study. One milliliter of Tyrode’s solution containing 
0.1 mg. of compound 48/80 was injected intraperitoneally into each 
of 12 rats. Compound 48/80, a condensation of p-methoxyphenethyl- 
methylamine with formaldehyde, was graciously supplied by Burroughs 
Wellcome and Company, Inc., Tuckahoe, New York. At intervals of 
5, 10, and 15 minutes, the peritoneal cavity was opened under ether 
anesthesia and the fluid aspirated gently with a pipette. Twelve control 
rats were treated in a like manner with Tyrode’s solution injected into 
the peritoneal cavity. A portion of the aspirated fluid was fixed in 
buffered 1 per cent osmic acid’ with added sucrose? for 30 minutes, 
and each specimen was then centrifuged at 2,000 r.p.m. for 2 minutes, 
dehydrated in graded alcohols, and embedded in methacrylate. Ul- 
trathin sections were prepared and examined in an RCA EMU-3c 
electron microscope. Fresh smears of the aspirated fluid were made 
on glass slides. These were allowed to dry in air, and were stained with 


Wright stain. 
RESULTS 


Electron Microscopy 


The changes in the mast cells were similar to those described in 
previous work by Bloom, Larsson and Smith,* and Smith and Lewis,‘ 
and will not be elaborated in detail. Figure 1 depicts a normal mast 


* Supported in part by grants from the American Heart Association and the National 
Institutes of Health (H-2549). 
Received for publication, July 2, 1958. 
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cell as observed in our study and Figure 2, a mast cell undergoing de- 
granulation following the administration of compound 48/80. 

Extracellular mast cell granules were noted at all time intervals 
following the injection of compound 48/80. The extracellular granules 
were similar to those within the mast cells; however, the majority of 
liberated granules were covered by a thin irregular coating of granular 
amorphous material (Fig. 3). 

Eosinophilic leukocytes were identified by their smaller, often ellip- 
tical granules containing a typical dense band or bar. In some cases 
the central bar in the eosinophilic granule appeared less dense than the 
remainder of the granule. This change was observed in the control rats 
with the same frequency as in the cells of animals to which compound 
48/80 had been administered. No granules resembling mast cell gran- 
ules were seen in the cytoplasm of the eosinophilic leukocytes of the 
controls. 

At all time periods following the injection of compound 48/80, occa- 
sional eosinophils contained varying numbers of small ovoid bodies in 
their cytoplasm, lying in a clear space surrounded by a single mem- 
brane. The ovoid bodies were identical in size and shape with mast cell 
granules and often had small bits of granular amorphous material 
adherent to their surfaces (Fig. 3). 

In the controls a rare histiocyte or mesothelial cell was found con- 
taining ingested ovoid granules morphologically identical to mast cell 
granules. Since mesothelial cells may act as phagocytes under certain 
conditions, exact differentiation from histiocytes was not attempted, 
and the noncommittal term “phagocyte” was used for the two cells 
when ingested material was found in their cytoplasm. Phagocytes con- 
taining similar ovoid bodies surrounded by a membrane were noted 
frequently at all time intervals after injection of compound 48/80. 


Light Microscopy 


Wright-stained, air-dried smears from the control rats showed no 
evidence of blue granules in over 500 eosinophils examined; however, 
in smears at all time intervals following the injection of compound 
48/80, varying numbers of large blue stained granules were found in 
an average of 20 per cent of the eosinophilic leukocytes. There were 
usually 2 or 3 blue granules per cell, but occasional eosinophils con- 
tained 12 or more. These granules were similar to those in mast cells 
and to the large numbers of extracellular mast cell granules encoun- 
tered. Mast cell granules were seen in the cytoplasm of other phago- 
cytes and eosinophilic leukocytes with approximately the same 
frequency. 


| 


Jan—Feb., 1959 PHAGOCYTOSIS OF MAST CELL GRANULE 105 


DISCUSSION 


The peritoneal cavity of the rat is an ideal locale for this type of 
study since a rich harvest of mast cells, eosinophils, histiocytes, lympho- 
cytes, and mesothelial cells can be obtained normally from this region. 
The differential counts of the peritoneal fluid vary somewhat, but mast 
cells range between 5 and 15 per cent, and eosinophils from 20 to 30 
per cent of all cells. Compound 48/80 is one of the least toxic histamine 
liberators available and appears to show cytologic effect only upon 
mast cells, producing a rapid discharge of granules to the extracellular 
environment. Previous reports of mast cell changes seen by electron 
microscopy following the administration of compound 48/80 and other 
agents that produce mast cell degranulation, e.g. stilbamidine, prota- 
mine, toluidine blue, and x-radiation, have not specifically indicated 
alterations of eosinophilic leukocytes.** The mastocytoma of the dog 
was studied by electron microscopy, but no granules resembling those 
of the mast cell were described in the cytoplasm of eosinophils.® 

Several possibilities should be considered to account for the presence 
of mast cell granules in eosinophils: (1) artifacts of manipulation prior 
to fixation or during centrifugation; (2) specific alteration of granules 
in the eosinophilic leukocytes; and (3) phagocytosis of mast cell 
granules by eosinophils. 

The first possibility does not appear to be likely since control speci- 
mens did not show similar bodies in the cytoplasm of eosinophils when 
examined either by electron or light microscopy. It is unlikely that 
granules could be forced into the fixed cytoplasm of a cell without 
definite evidence in the electron photomicrographs of mechanical rup- 
ture of the cell membrane, and such a rupture has not been found. The 
possibility that the cytoplasmic bodies in eosinophils were altered 
eosinophilic granules is feasible if one were to postulate that the rat 
eosinophil contains granules which possess the properties of mast cell 
granules. Study of the eosinophils in the controls failed to reveal any 
granules exhibiting this capacity, and there was no indication that the 
eosinophil granule underwent any morphologic change following the 
injection of compound 48/80. 

The third possibility, that these are ingested mast cell granules, 
seems most likely in view of the known phagocytic activity of the 
eosinophil.** The ovoid bodies observed are the same size and shape 
as mast cell granules; they have a coating or rim of granular material 
attached to their outer surfaces similar to that noted on granules liber- 
ated from mast cells, and are surrrounded by a limiting membrane 
identical to that of mast cell granules ingested by other phagocytes. A 
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question that immediately comes to mind is why these bodies have not 
been identified previously in eosinophils with the light microscope under 
these conditions. One probable answer to this lies in the fact that fol- 
lowing administration of compound 48/80, the mast cell granule loses 
its metachromatic property,® thus making it difficult if not impossible 
to identify it with any degree of certainty. In smears procured after 
the administration of compound 48/80 and stained with Wright stain, 
bluish bodies similar to mast cell granules can be identified easily in 
eosinophils. In this case, however, the possibility of superimposition 
of extracellular granules on the eosinophils must be considered. Elec- 
tron microscopy proves that granules identical to those in mast cells 
are incorporated within the cytoplasm of eosinophils. 

To our knowledge, this is the first report of phagocytosis of mast 
cell granules by the eosinophilic leukocyte. It is possible that this rep- 
resents a nonspecific action, but other experimental work on these two 
cells points to interrelationships that lend more significance to the 
phenomenon. Mast cell granules are known to be a potent source of 
histamine,® and histamine alone produces an increased number of 
eosinophils in the circulating blood.*® A chemical substance with anti- 
histaminic properties has been obtained from eosinophils," and it has 
been postulated that the eosinophilic leukocyte acts as an inactivator 
of histamine and histamine-like substances.’ The eosinophil has also 
been shown to be capable of transporting specific antigen.7* The fact 
that this cell engulfs mast cell granules may indicate a common line of 
defense. Thus, in the event of marked histamine release, the eosinophil 
could serve as a means of rapid isolation and neutralization of the 
histamine-laden particles. In the lesion of urticaria pigmentosa, for 
example, characterized as it is by a dense infiltration of tissue by mast 
cells and a rich histamine content, stroking of the lesion causes disrup- 
tion of the mast cells, edema, and an influx of eosinophils.** In the 
mastocytoma of the dog, a tumor of mast cells, eosinophils form a 
prominent component and are scattered diffusely throughout the lesion.® 
This tumor also contains a high concentration of histamine.’® 

“‘Basophilic bodies” have been described in the cytoplasm of human 
eosinophilic leukocytes.**?7 The exact nature of these has not been 
determined, although Di Mayorca, Lanzavecchia and Le Coultre’’ 
have suggested that they are mast cell granules. They differ from those 
seen in the rat eosinophil in the absence of .a surrounding clear space 
with outer limiting membrane. It is not known whether or not mast 
cell granules engulfed by rat eosinophils assume a similar appearance 
after a period of several days; further studies are needed to determine 
this possibility. Based on the observations in our study, we believe that 
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the “basophilic bodies” in circulating eosinophils in man should be 
seriously suspected as representing phagocytosis of mast cell granules. 


SUMMARY 


Phagocytosis of mast cell granules by eosinophilic leukocytes is 
described in the rat following intraperitoneal injection of compound 
48/80. The possible significance of this phenomenon is discussed in 
relation to histamine release and allergic inflammation. It is suggested 
that the phagocytosis of mast cell granules may be the basis for the 
“basophilic bodies” seen in circulating eosinophils in human subjects. 
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LEGENDS FOR FIGURES 
Fic. 1. Normal mast cell from peritoneal cavity of control rat. X 8,350. 


Fic. 2. Mast cell five minutes after administration of compound 48/80. The gran- 
ules lie in a clear space and can be seen escaping extracellularly. Note the 
granular amorphous material that surrounds the granules. X 8,350. 
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Fic. 3. Upper. Two eosinophilic leukocytes are present. The lower one contains a 
mast cell granule in its cytoplasm. In the upper right corner are several extra- 
cellular mast cell granules. * 13.440. 

Insert, bottom left. Higher magnification of mast cell granule seen in an 
eosinophil. % 31,275. Insert, bottom right. Higher magnification of extra- 
cellular mast cell granule. X 31,275. 
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A HISTOCHEMICAL STUDY OF FIVE OXIDATIVE ENZYMES 
IN CARCINOMA OF THE LARGE INTESTINE IN MAN * 


Lee W. WATTENBERG, M.D.7 
From the Department of Pathology, University of Minnesota Medical School, 


Minneapolis, Minn. 

In the present report, the results of a histochemical study of 5 oxida- 
tive enzymes in normal colonic mucosa, benign proliferative lesions, 
and in carcinoma of the large intestine are presented. This investigation 
was undertaken as an effort to demonstrate a histochemical reaction 
pattern in cells of carcinoma of the colon which would be distinctive 
from those occurring in either normal mucosa or benign proliferative 
lesions in this region. 

In recent years, advances in histochemistry have made it possible to 
study a number of important oxidative enzymes in histologic sections. 
The advances have been due largely to the development of procedures 
utilizing tetrazolium salts. The oxidation-reduction potential of tetra- 
zolium salts is such that they can serve as hydrogen acceptors in a 
number of oxidative enzymatic reactions. They are water soluble and 
almost colorless in the oxidized form but upon reduction form highly 
insoluble and intensely colored formazans. They therefore have the 
prerequisite properties of histochemical reagents for demonstrating 
oxidative enzymes and accordingly have been put to this use.*® 

In the present investigation, techniques employing tetrazolium salt 
reduction have been utilized for the demonstration of 5 oxidative 
enzymes: diphosphopyridine nucleotide (DPN) diaphorase, triphos- 
phopyridine nucleotide (TPN) diaphorase, succinic dehydrogenase, 
a-glycerophosphate dehydrogenase, and monoamine oxidase. DPN 
diaphorase and TPN diaphorase catalyze the oxidation of reduced 
diphosphopyridine nucleotide (DPNH), and reduced triphosphopy- 
ridine nucleotide (TPNH), respectively.® Succinic dehydrogenase is 
a component of the citric acid cycle and thus is one of a group of 
enzymes which catalyze the oxidation of pyruvate. The a-glycerophos- 
phate dehydrogenase catalyzes the reversible oxidation of L-a-glycero- 
phosphate and is of importance in neutral fat and phospholipid 
metabolism.‘ Monoamine oxidase is believed to be primarily a detoxi- 
fying enzyme.* The 5 enzymes have been studied in normal and 
hyperplastic mucosa, adenomatous polyps, and carcinoma of the large 


* This investigation was aided by a grant from the American Cancer Society. 
Received for publication, June 16, 1958. 
+ This study was performed during the author’s tenure as a Lederle Medical Faculty 
Awardee. 
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intestine in man. As will be described, a distinctive reaction pattern, 
consisting of high DPN diaphorase and TPN diaphorase activities 
and low succinic dehydrogenase, a-glycerophosphate dehydrogenase 
and monoamine oxidase activities, has been- observed in carcinomas. 
This pattern differs from those found in cells of the normal mucosa 
and benign proliferative lesions. | 


MATERIAL AND METHODS 


The study is based upon observations made in surgically resected 
specimens. Included were 35 samples of large intestine resected for 
infiltrating carcinoma: rectum, 17; descending colon, 10; transverse 
colon, 4; ascending colon, 2; and cecum, 2. There were also 7 speci- 
mens of colon resected for mucosal polyps and two specimens for 
diverticulitis. An additional 28 adenomatous polyps of the large bowel 
mucosa were examined. Of the latter, 18 were incidental lesions in 
specimens resected for infiltrating carcinoma and 10 were from speci- 
mens resected solely for the polyps. Twenty areas of focal hyperplasia 
were studied. All of these were located in the mucosa close to infiltrat- 
ing carcinoma. There were, in addition, a number of biopsy specimens: 
rectal fragments removed during proctoscopy of 5 patients with carci- 
noma of the rectum, and mucosa excised in 8 instances from transverse 
colostomy sites. 

Within 15 minutes after excision of tissue, blocks were cut, placed 
on block holders, and frozen by thrusting into pulverized dry ice. 
Blocks were cut from several portions of the neoplasm in specimens 
resected for carcinoma. Particular emphasis was placed on obtaining 
tissue from the periphery of lesions, and whenever possible, adjacent 
mucosa was included in the same block. Additional specimens of 
mucosa were taken from sites at various distances from the lesions. 

All sections employed in this study were frozen sections cut in a 
cryostat by a technique previously described.® Sections 16 p in thick- 
ness were used in the two diaphorase procedures, and sections 10 p in 
thickness in the procedures demonstrating succinic dehydrogenase, 
a-glycerophosphate dehydrogenase, and monoamine oxidase. One or 
two sections were placed on a cover slip which was then quickly 
brought to room temperature to allow thawing. The sections were 
dried for 5 minutes at room temperature and then stored in a refrig- 
erator at 4° C. until used within 3 hours. Storage did not result in 
demonstrable loss of activity in any of the procedures employed. The 
sections were washed in salt solution (vide infra) for 5 minutes at 
4° C. and then again for 5 minutes at room temperature. Since all of 
the reaction mixtures used required expensive chemicals, a technique 
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employing small volumes was utilized. The incubations were carried 
out in a water bath which had a sheet of glass at its surface. Small 
squares of glass cut from conventional slides were positioned at regular 
intervals along the glass sheet, and the cover slips were placed on top 
of these. Three tenths of a ml. of the reaction mixture preheated to 
37° C. was placed over the section or sections on each cover slip. The 
cover slip and its glass support were then covered with a Coplin jar 
cover to prevent evaporation. Following completion of the reaction, 
the cover slips were washed 5 minutes in salt solution, fixed for 30 
minutes in 10 per cent formalin and mounted in glycerin or glycerogel. 


Reagents 


DPNH, TPNH and tryptaminesHCl were obtained from the Cali- 
fornia Foundation for Biochemical Research; nicotinamide, sodium 
succinate and sodium glycerophosphates5H.O (25 per cent alpha) 
were procured from the Matheson Company, Inc.; neotetrazolium 
chloride and Nitro-BT [2,2’-di-p-nitrophenyl-s5,5’-diphenyl-3,3’-(3,3’- 
dimethoxy-4,4’-biphenylene)-ditetrazolium chloride] from the Dajac 
Laboratories; and inorganic salts (reagent) from Merck and Company. 

All reaction mixtures and washes contained the following inorganic 
salts: NaCl, 0.11 M; KCl, 0.003 M; Mg.SQ,, 0.001 M and Na,HPQ,, 
0.03 M, adjusted to pH 8.0. For demonstrating DPN diaphorase and 
TPN diaphorase, the reaction mixtures contained, respectively, DPNH, 
1.5 mg. per ml., and TPNH, 1.5 mg. per ml. Neotetrazolium, 0.6 mg. 
per ml., was employed in both diaphorase procedures. For demon- 
strating succinic dehydrogenase, the reaction mixture contained sodium 
succinate, 0.05 M; for a-glycerophosphate dehydrogenase, sodium 
glycerophosphate (25 per cent alpha), 0.05 M; and for monoamine 
oxidase, tryptamine* HCl, 0.05 M. In these 3 procedures, Nitro-BT, 
0.5 mg. per ml., was regularly employed. 


Factors in the Selection of Incubation Period and Tetrazolium Salt 


In the procedures for the demonstration of the two diaphorases, 
neotetrazolium was employed and the sections were incubated for 10 
minutes at 37° C. The incubation period is of importance in determin- 
ing the color contrast between cells of different degrees of reactivity. 
Both normal and pathologic mucosal epithelium go through the same 
sequence of color changes with progressively longer incubation periods, 
but the more reactive cells proceed more rapidly than the less reactive 
ones. The initial color was pink, and by increasing the incubation 
period, progressively deeper shades of red were obtained. Further 
increase in the incubation period resulted in the formation of a blue 
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precipitate; additional incubation induced progressively deeper shades 
of blue. The blue color is due to diformazan, the complete reduction 
product of neotetrazolium. The precise chemical composition of the 
red colored product is not certain.’° 

With the incubation period chosen for the demonstration of the two 
diaphorases, the less reactive cells stained some shade of red whereas 
the more reactive cells stained a predominantly blue color. The choice 
of a reaction time which yielded one color for more reactive cells and 
another for less reactive ones provided maximum contrast for micro- 
scopic study. The contrast was even further enhanced by extracting 
sections with 95 per cent ethanol for 5 minutes following incubation. 
The blue diformazan was largely insoluble under these conditions 
whereas the red product was soluble. This extraction was not used 
routinely because sufficient contrast existed without it and information 
obtained from the varied depth of red staining was lost. 

Nitro-BT can be used in place of neotetrazolium in demonstrating 
the two diaphorases. With this substance, all cells giving a positive 
reaction stained blue, the less reactive cells appearing lighter blue. The 
contrasts obtained were, in general, not as good as with neotetrazolium. 

In the procedures for demonstrating succinic dehydrogenase, a-glyc- 
erophosphate dehydrogenase and monoamine oxidase, Nitro-BT was 
employed; the sections were incubated for 15 minutes at 37° C. Neo- 
tetrazolium can be substituted, but much better preparations with 
sharper contrasts were obtained with Nitro-BT. 


RESULTS 
Normal Mucosa 


No difference was noted between the reactions of the mucosa of the 
large intestine from patients with carcinoma and of that from patients 
with benign polyps or diverticulitis. In general the DPN diaphorase 
procedure yielded red staining and the TPN diaphorase method light 
red staining in the normal mucosa (Figs. 1 to 3). With the DPN 
diaphorase procedure, the cells of the surface epithelium and in the 
bases of the crypts stained relatively intensely, being a moderately 
dark red color with some blue diformazan evident. In the demonstra- 
tion of TPN diaphorase, the surface epithelium also stained relatively 
intensely; however, the cells in the bases of the crypts did not stain 
darker than other cells in the crypts (Table I). In some specimens 
there was uniform staining of surface and all crypt cells with both 
diaphorase methods, the color being more intense for DPN diaphorase 
than for TPN diaphorase. 
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Succinic dehydrogenase, a-glycerophosphate dehydrogenase and 
monoamine oxidase all resulted in moderately dark blue staining of the 
normal mucosa. The staining patterns obtained for succinic dehydro- 
genase and a-glycerophosphate dehydrogenase were virtually identical. 
The most intense staining was generally found in the cells at the bases 
of the crypts, which exhibited a deep blue color. The surface epithe- 
lium was a slightly lighter color, and the cells of the crypts, except 
those at the base, stained slightly lighter still (Fig. 6). The succinic 
dehydrogenase procedure resulted in a slightly darker staining of all 
cell types than that obtained with the a-glycerophosphate dehydro- 
genase method. The surface epithelium stained for monoamine oxidase 
with about the same intensity as for succinic dehydrogenase, and all 
of the cells in the crypts stained uniformly and lighter (Table I). 

Some variation in intensity of staining for all 5 enzymes occurred in 
different specimens; the basis for this was not apparent. 


Carcinoma of the Colon and Rectum 


The carcinomas were predominantly well differentiated. However, 
in most of the lesions, poorly differentiated tumor cells were found at 
the invading margins and occasionally in other locations. A few of the 
neoplasms contained large numbers of poorly differentiated cells, but 
none was composed entirely of this type of epithelium. The poorly 
differentiated carcinoma appeared in a variety of forms such as iso- 
lated clumps, fingerlike cords, solid pegs, or highly atypical glands. 
All of these had similar reaction patterns. 

With DPN diaphorase and TPN diaphorase, intense staining of 
both poorly and well differentiated cells was seen (Figs. 1 to 5 and 7 
to 10). With the DPN diaphorase method, the amount of blue difor- 
mazan deposited was often sufficiently great to afford a dark blue color. 
The TPN diaphorase procedure generally produced a slightly lighter 
staining of neoplastic cells than the DPN diaphorase method (Table 
I). The deep staining for both enzymes did not occur in all tumor cells 
but was a selective phenomenon determined by at least 3 factors. The 
location of the cells within the tumor was one of these. The most in- 
tense staining was found in cells in areas with greatest proliferative 
activity, as at the invading margins of the neoplasms, the periphery of 
tumor cell aggregates, and in isolated cell groups (Fig. 7). In contrast, 
lighter staining was more likely in locations prone to undergo degen- 
eration, as in the center of tumor masses and regions adjacent to ulcer- 
ation or marked inflammatory reaction. The degree of cellular 
differentiation constituted a second factor. A considerably higher 


118 WATTENBERG Vol. 35,No.r 


proportion of poorly differentiated neoplastic cells exhibited intense 
staining (Figs. 8 and 9). Among glandular elements, the flat, non- 
secreting epithelium was particularly likely to have high diaphorase 
activities (Fig. 10). The third controlling factor was less well defined 
and appeared to be related to some general characteristic of the tumor 
itself. Some tumors were considerably more reactive than others de- 
spite cytologic similarity. Apparently cells with comparable structural 
characteristics may vary in staining intensity from tumor to tumor. 


Taste I 
Typical Histochemical Reaction Patterns in Normal and Pathologic 
Mucosal Epithelium 
Formazan deposition 
a-Glycero- 
Succinic phosphate Mono- 
DPN TPN dehydro- debydro- amine 
Cell type diaphorase* diaphorase* genaset genaset oxidaset 

Normal mucosa, surface 

epithelium 4+ 3+ 5+ 4+ 5+ 
Normal mucosa, crypt cells 

(not at base) 3+ 2+ 4+ s+ 3+ 
Normal mucosa, base of crypts 4+ a+ 6+ s+ 3+ 
Hyperplasia, surface and crypt 

epithelium 3+ a+ 1+ 1+ I+ 
Polyp, mucus secreting epithelium 3+ 2+ 4+ 3+ 3 
Polyp, superficial cells of 

atypical glands 3+ a+ 3+ 2+ 2+ 
Polyp, deeper cells of 

atypical glands 6+ 2+ 8+ I+ s+ 
Carcinoma, well differentiated 8+ 6+ I+ So st+ 
Carcinoma, poorly or well 

differentiated 8+ 6+ I+ I+ I+ 


* Neotetrazolium in reaction mixture: 8+- (maximum formazan deposition) very deep 
blue; 7+ to 6+, progressively lighter blue; 5+, purple (predominantly blue) ; 4+, purple 
(predominantly red) ; 3+, red; 2+, light red; 1+, pink. 

{ Nitro-BT in reaction mixture: 8-+- (maximum formazan deposition), very deep blue; 
97-+ to 1-++, progressively lighter blue. 

¢ This reaction pattern is observed in a higher proportion of poorly differentiated than 
well differentiated carcinoma cells. 


Both poorly and well differentiated carcinoma cells showed weak 
staining with the procedures demonstrating succinic dehydrogenase, 
a-glycerophosphate dehydrogenase and monoamine oxidase. In many 
instances the cells exhibited light blue staining, and in some specimens 
they were colorless (Fig. 6). While the decrease in activity was usually 
parallel in all 3 enzymes, in some instances monoamine oxidase was 
diminished to a comparatively greater extent than the other two. 
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On the other hand, although many well differentiated neoplastic cells 
stained lightly, among them were comparable elements whose staining 
intensities for all 3 enzymes equalled or surpassed those of the deepest 
staining cells in the normal mucosa from the same specimen (Fig. 11). 
Variations in staining intensity could be observed in segments of adja- 
cent tumor acini (Figs. 11 and 12). In glands which stained deeply, 
the greatest intensity was often apparent in periluminal organelles. In 
regard to both staining intensity and intracellular formazan distribu- 
tion, these carcinomatous elements closely resembled cells in the atypi- 
cal glands of benign mucosal polyps, as described below. 


Comparison of the Histochemical Reaction Patterns 
in Biopsy and Resected Specimens 


In 3 patients it was possible to compare preoperative biopsy speci- 
mens containing both normal rectal mucosa and carcinoma with com- 
parable tissues in the surgically resected specimens. No differences in 
the reactions were observed with any of the 5 histochemical proce- 
dures. Biopsy tissue from 8 transverse colostomy sites also exhibited 
reaction patterns within the range of those obtained in resected speci- 
mens. This was also the case in two biopsy specimens of inoperable 
carcinoma of the rectum. 


Focal Mucosal Hyperplasia 


Small focal areas of hyperplasia may be found in the mucosa of the 
large intestine in the vicinity of carcinomas."** These lesions ap- 
peared as small, round or oblong, mucosal elevations, ranging from a 
fraction of a millimeter to several millimeters in diameter. Twenty 
such lesions have been included in the present study. Microscopically, 
they contained elongated glands, many of which exhibited irregular 
cellular proliferation into the lumens. In longitudinal section the gland 
wall had a sawtooth appearance, and in cross section the lumen ap- 
peared stellate (Figs. 13 to 15). A similar irregular cellular prolifera- 
tion also occurred in the surface epithelium. 

Lesions of this nature were characterized by marked decrease in 
formazan deposition in the course of demonstrating succinic dehydro- 
genase, a-glycerophosphate dehydrogenase and monoamine oxidase 
(Figs. 16 and 20). The magnitude of the staining reduction was such 
that the surface and glandular epithelium, with the exception of the 
cells in the deep portion of the crypts, were almost colorless. The cells 
in the deep portion of the crypts generally stained more intensely 
(Fig. 16). The DPN diaphorase activity of the hyperplastic glands 


_ 
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was not significantly different from that of normal mucosa. The TPN 
diaphorase activity was either the same as in normal mucosa or in- 
creased in amount (Figs. 17 to 19). 


Benign Adenomatous Polyps 


Twenty-five benign adenomatous polyps are included in the present 
study. These were all relatively small lesions (maximum diameter, 1.5 
cm.) which showed no evidence of malignancy. In no instance was 
there anaplasia, loss of nuclear polarity, or invasion of the stalk. Two 
types of glandular epithelium could be distinguished although there 
were transition forms between them. One type was a mucus producing 
epithelium characterized by large numbers of goblet cells (Fig. 25). 
This was virtually identical with the normal glandular epithelium of 
the large intestine. The second type of epithelium was atypical and 
formed glands of atypical character. Such glands, in their most charac- 
teristic form, contained few or no goblet cells (Figs. 21 and 25). The 
cells were generally columnar with elongated nuclei in basal position. 
Large numbers of mitotic figures were sometimes present. While a 
variable proportion of the total mass of glandular tissue in any polyp 
might consist of either of the two types of epithelium, in general the 
atypical epithelium was most prevalent in the superficial portion and 
the mucus secreting epithelium in the deeper portion. However, it was 
not unusual to find atypical glands penetrating the entire thickness of 
a polyp, or nests of similar cells immediately adjacent to the stalk. 

The reaction patterns of the 5 oxidative enzymes were essentially 
the same in the mucus secreting epithelium of polyps as in normal 
glands (Table I). In contrast, the atypical epithelium exhibited a 
different pattern (Figs. 21 to 26). In straight glands the superficial 
portions often stained for succinic dehydrogenase, a-glycerophosphate 
dehydrogenase and monoamine oxidase in either the same manner or 
were lighter than the glands of the normal mucosa. The diaphorase 
activities were also comparable to those found in normal epithelium. 
In the deeper portions of the atypical glands, marked increases in 
staining for succinic dehydrogenase, a-glycerophosphate dehydro- 
genase and monoamine oxidase were often noted. In addition, there 
might also be an increased staining for DPN diaphorase. With the 
TPN diaphorase procedure, an increased formazan deposition was not 
observed (Table I). 

In the cells which showed deep staining, the most intense coloration 
was often found in the cytoplasm bordering the lumen (Fig. 26). With 
the succinic dehydrogenase and a-glycerophosphate dehydrogenase 
procedures, which gave the most precise intracellular resolution of the 
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5 procedures employed, the intense staining could be seen to be a 
result of formazan deposition in periluminal organelles. In staining 
intensity and intracellular formazan distribution, these cells resembled 
those in differentiated carcinoma which stained relatively intensely for 
succinic dehydrogenase, a-glycerophosphate dehydrogenase, and mono- 
amine oxidase. 

Malignant Polyps 

Three malignant polyps were available for study. Each was located 
in the sigmoid colon. Much of the epithelium was similar to the atypi- 
cal epithelium in benign polyps, but piling up of epithelial cells was 
more pronounced (Fig. 31). Areas were found in which frankly 
carcinomatous glands existed. These were characterized by loss of 
orderly organization of the epithelium and of nuclear polarity. There 
was also marked irregularity of nuclear appearance, with large and 
bizarre forms (Fig. 30). The malignant zones appeared as narrow 
segments of the polyp extending from the surface to the base, as groups 
of glands at the surface, or as small focal areas within the polyp. 

The noncarcinomatous atypical epithelium showed staining for DPN 
diaphorase and TPN diaphorase comparable to that found in benign 
polyps (Figs. 27 and 28). In areas of carcinoma, increased staining 
occurred with both procedures. This increase varied from slight to 
marked and approached that found in the more reactive cells in infil- 
trating carcinoma (Figs. 27 and 28). Increased DPN diaphorase 
reactivity was more widespread than that of TPN diaphorase. Glands 
with increased TPN diaphorase staining, with very occasional excep- 
tions, also showed an increase in DPN diaphorase activity. 

Most of the noncarcinomatous atypical epithelium stained intensely 
with the procedures for the demonstration of succinic dehydrogenase, 
a-glycerophosphate dehydrogenase and monoamine oxidase. The stain- 
ing properties were often similar to those observed in the deeper por- 
tions of the atypical glands in benign polyps. In sharp contrast, the 
areas of the polyps containing malignant epithelium were almost color- 
less when stained for succinic dehydrogenase (Fig. 29) and a-glycero- 
phosphate dehydrogenase. Reduced activity of these enzymes was 
more widespread than was the increased activity of the diaphorase. 
Staining for monoamine oxidase was less consistently decreased than 
in the case of succinic dehydrogenase and a-glycerophosphate dehy- 


drogenase. 
DISCUSSION 


In the present study, a characteristic histochemical reaction pattern 
distinct from those fqund ‘n normal, hyperplastic, or benign neoplastic 
cells has been observed in certain cells of carcinoma of the large intes- 
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tine. The pattern was characterized by the histochemical demonstration 
of high DPN diaphorase and TPN diaphorase activity and low activity 
of succinic dehydrogenase, a-glycerophosphate dehydrogenase, and 
monoamine oxidase. The pattern was found in both poorly and well 
differentiated carcinoma cells, but the proportion of poorly differen- 
tiated elements manifesting the pattern was greater than that of well 
differentiated cells. The pattern was most consistently observed at the 
invading tumor margin, at the periphery of tumor cell aggregates, and 
in isolated cell groups. The cell predilection and the distribution of the 
reactions suggest that this pattern is a characteristic of the more malig- 
nant cells in this type of neoplasm. 

The significance of the variations from the established reaction pat- 
terns has not been clarified. The pattern in which all 5 enzymes showed 
high degrees of reactivity was assumed to indicate a lesser degree of 
malignancy since it has only been found in well differentiated carci- 
noma cells. Of interest is the fact that high activity of succinic dehy- 
drogenase, a-glycerophosphate dehydrogenase and monoamine oxidase 
and intense periluminal formazan deposition were observed in both 
well differentiated carcinoma and in atypical glands of adenomatous 
polyps. Another variation, the occurrence of relatively weak diaph- 
orase activity, was frequently found in areas prone to undergo degen- 
eration. It appeared to reflect the altered metabolism of degenerating 
or less active malignant cells. 

The exact biochemical meaning of the histochemical observations 
made in the present study is not known. However, when considered in 
relationship to the large body of data pertaining to malignant neo- 
plasms, they permit certain inferences in interpretation. Cancer cells 
have been shown repeatedly to possess a high glycolytic activity,’ 
whereas the activities of cytochromes have been found to be low.’*:® 
This circumstance would favor the accumulation of reduced pyridine 
nucleotide coenzymes since much of the reoxidation of the coenzymes 
occurs via the cytochrome electron transport system. However, quan- 
titative studies of the ratio of DPN to DPNH and TPN to TPNH 
show no significant alteration in these ratios in malignant neoplastic 
tissues.**"* This suggests that reoxidation is occurring by an alternate 
pathway. Reoxidation of DPNH during the formation of lactate from 
pyruvate is one such pathway. On the other hand, this reaction has a 
potential limitation in that an excessive accumulation of lactate may 
occur in a rapidly glycolyzing cell which is unable to adequately rid 
itself of the lactate. DPN diaphorase represents another pathway by 
which DPNH could be reoxidized, in this ingfance without lactate 
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formation. Thus a high DPN diaphorase activity could facilitate rapid 
glycolysis without leading to lactate accumulation. Likewise, a high 
TPN diaphorase activity could have a parallel function in facilitating 
the oxidative reactions of the hexose monophosphate shunt by reoxid- 
izing the TPNH formed during these reactions.*® 

The hydrogen acceptors in the histochemical procedures for demon- 
strating the diaphorases are the tetrazolium salts. The nature of the 
compound or compounds which accept hydrogen from these reduced 
flavoprotein diaphorases im vivo has not been established. One inter- 
esting possibility is that in the cells of carcinoma of the large intestine, 
the diaphorases catalyze reductive synthetic reactions. They would thus 
utilize the hydrogen from the reduced pyridine nucleotide coenzymes 
in reactions which might be of considerable importance to rapidly 
proliferating cells. That reductive synthetic reactions do occur has been 
well demonstrated in fatty acid synthesis where reduction of ethylene 
linkages of acyl derivatives of coenzyme A by reduced flavoproteins 
occurs as part of the reaction mechanism for increasing carbon chain 
length.**?° Information is lacking as to what type of compounds 
might be synthesized as a result of a similar type of reaction sequence 
in which the diaphorases take part. 

The weak staining for succinic dehydrogenase observed in poorly 
differentiated and some well differentiated carcinoma cells is in accord 
with the low activities found by others in quantitative studies of this 
enzyme in some neoplasms.’® The significance of these findings relates 
directly to the highly controversial issue of whether or not there is a 
diminished activity of the entire citric acid cycle in cancer cells. Two 
extremes of opinion exist. One is represented by the belief that a de- 
crease in citric acid cycle activity occurs in malignant neoplasms, and 
that this may result in a shift of metabolic equilibriums in favor of 
synthetic reactions. At the other extreme is the opinion that definitive 
evidence of a significant functional defect in the citric acid cycle has 
not been proven to occur in intact tumor cells.”* 

The weak staining for a-glycerophosphate dehydrogenase can be 
interpreted to indicate the existence of a mechanism for diverting 
dihydroxyacetone phosphate from lipid metabolism into pathways 
more important to the tumor cells. Monoamine oxidase is a detoxify- 
ing enzyme which would be of little importance to tumor metabolism. 
A decrease in activity of this enzyme would not be unexpected since 
it is well established that a loss in activity of enzymes with specialized 
functions may occur in malignant cells.”* 

The histochemical features which have been postulated to represent 
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a highly developed malignant reaction pattern in carcinoma of the 
large intestine can be considered to have two general aspects. The first 
is the high degree of activity exhibited by the two diaphorases, which 
may facilitate glycolysis and the oxidative reactions of the hexose 
monophosphate shunt and may also be of importance in synthetic 
reactions. The second is the demonstration of the reduced activity of 
succinic dehydrogenase, a-glycerophosphate dehydrogenase and mono- 
amine oxidase. It is possible that these enzymes are unimportant in the 
tumor cells, at least at the level of activity at which they occur in 
normal mucosa, or that the decrease in activity diverts metabolites into 
pathways more important for the neoplastic elements. The demonstra- 
tion of high degrees of activity of the 3 enzymes observed in some well 
differentiated carcinomas may be interpreted as a manifestation of a 
malignant pattern of a lesser degree, occurring in cells of the type 
found in the deeper portion of atypical glands in benign adenomatous 

1 
SUMMARY 

A histochemical study of 5 oxidative enzymes, DPN diaphorase, 
TPN diaphorase, succinic dehydrogenase, a-glycerophosphate dehy- 
drogenase, and monoamine oxidase, has been carried out in tissues of 
the large intestine: normal mucosa, hyperplastic mucosa, benign 
adenomatous polyps, and carcinoma. 

A reaction pattern, distinct from those found in normal, hyperplastic, 
or benign neoplastic cells, has been observed in carcinoma. The pattern 
is characterized by high DPN and TPN diaphorase activity and low 
succinic dehydrogenase, a-glycerophosphate dehydrogenase, and mono- 
amine oxidase activity. 

This distinctive reaction pattern is not present in all components of 
these neoplasms. It is most consistently observed in the cells at the 
invading margin, at the periphery of tumor cell aggregates, and in 
isolated cell groups. It is least commonly encountered in regions which 
are the seat of degenerative alteration. The pattern occurs in a higher 
proportion of poorly differentiated than well differentiated carcinoma 
cells. 

In hyperplasia there is low succinic dehydrogenase, a-glycerophos- 
phate dehydrogenase and monoamine oxidase activity. Elevation of 
the TPN diaphorase activity may occur, but the DPN diaphorase 
activity is not increased. 

Several types of reaction are found in benign adenomatous polyps. 
These do not, however, duplicate the distinctive findings which occur 
in carcinoma. A striking feature is the presence of high succinic dehy- 
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drogenase, a-glycerophosphate dehydrogenase and monoamine oxidase 
activity in the deeper portions of the atypical glands. In malignant 


polyps, carcinomatous elements react in a manner similar to that of 
invasive carcinoma. 


I. 


Io. 


II. 


17. 


18. 
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LEGENDS FOR FIGURES 


Formazan deposits appear as black or a darker gray than that of the background. 
All preparations are frozen sections. 


Fic. 1. Carcinoma of the large intestine. Mucosa above, carcinoma in submucosa 
below. Hematoxylin and eosin stain. X 40. 


Fic. 2. Section from same block as Figure 1. DPN diaphorase. X 40. 
Fic. 3. Section from same block as Figure 1. TPN diaphorase. X 40. 


Fic. 4. Carcinoma of the colon. Well differentiated tumor in the outer part of the 
muscularis (above); poorly differentiated tumor in the subserosa (below). 
DPN diaphorase. X 50. 


Fic. 5. Section from the same block as Figure 4. TPN diaphorase. X 50. 


Fic. 6. Section from same block as Figure 4. Succinic dehydrogenase. X 50. In- 
sert in left lower corner, normal mucosa from same specimen included for 
comparison. Succinic dehydrogenase. X 50. 
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7. Carcinoma. DPN diaphorase. Note variations in intensity of staining in 
different portions of the tumor with isolated tumor glands and the periphery 
of tumor aggregates showing more intense staining. X 30. 


8. Carcinoma. DPN diaphorase. Most of tumor is poorly differentiated and 
stains intensely. X 50. 


g. Carcinoma of the colon. DPN diaphorase. Margin of the tumor. Poorly 
differentiated tumor cells in lower portion of photograph. X r1o. 


10. Carcinoma. DPN diaphorase. Note deep staining of tumor glands, some 
of which have relatively flat epithelium. X 140. 
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Fic. 11. Carcinoma. Succinic dehydrogenase. Mucosa above, tumor nodule in 
submucosa below. Note variation in intensity of staining in different portions 
of the neoplasm. X 35. 


Fic. 12. Higher magnification of upper middle portion of tumor in Figure 11. Note 
relative intensity of periluminal staining. Succinic dehydrogenase. X 100. 
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Fic. 13. Focal mucosal hyperplasia of the colon. Normal mucosal glands on the 
left, hyperplastic glands on the right. Hematoxylin and eosin stain. X 30. 


Fic. 14. Hyperplastic glands in cross section. Note stellate appearance of lumens. 
Hematoxylin and eosin stain. X 150. 


Fic. 15. Segment of hyperplastic gland in longitudinal section. Note irregular 
cellular proliferation into the lumen. Hematoxylin and eosin stain. X 100. 


Fic. 16. Focal mucosal hyperplasia. Same block as Figure 13. Succinic dehydro- 
genase. X 45. 
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17. Focal hyperplasia. Normal mucosal glands on the right, hyperplastic 
glands on the left. Hematoxylin and eosin stain. X 85. 


18. Section from same block as Figure 17. DPN diaphorase. X 85. 
1g. Section from same block as Figure 17. TPN diaphorase. X 85. 


20. Section from same block as Figure 17. Succinic dehydrogenase. X 8s. 
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21. Benign adenomatous polyp. Glands adjacent to lumen surface (above) are 
composed of atypical epithelium. Hematoxylin and eosin stain. X 30. 


22. Section from same block as Figure 21. DPN diaphorase. X 30. 
23. Section from same block as Figure 21. TPN diaphorase. X 30. 
24. Section from same block as Figure 21. Succinic dehydrogenase. X 30. 


25. Benign adenomatous polyp. Note mucus secreting epithelium with large 
numbers of goblet cells, lower portion of field, and darker staining atypical 
epithelium, upper portion of field. Hematoxylin and eosin stain. X 45. 


26. Section from same block as Figure 25. Succinic dehydrogenase. Atypical 
epithelium stains darkly. Note intensity of periluminal staining. XX 45. 
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27. Malignant mucosal polyp. Surface of polyp on the right. Central darker 
staining region shows characteristic “malignant” alterations in both histo- 
chemical and hematoxylin and eosin stained preparations. DPN diaphorase. 
X 40. 


28. Section from same block as Figure 27. TPN diaphorase. X 40. 
29. Section from same block as Figure 27. Succinic dehydrogenase. X 40. 


30. “Malignant” epithelium characteristic of central portion of Figures 27 to 
29. Hematoxylin and eosin stain. 600. 


31. Atypical epithelium characteristic of top and bottom borders of Figures 27 
to 29. Hematoxylin and eosin stain. X 600. 


| 


Jan—Feb., 1959 


COLON CARCINOMA 


we 42a. 


137 
x 
‘ 


HISTOCHEMICAL CHANGES IN LIVER SUCCINIC DEHYDROGENASE 
DURING RAPID GROWTH FOLLOWING PARTIAL HEPATECTOMY * 


BJARNE Pearson, M.D.; Frep Grose, B.S., and Rosa GREEN 
From the Detroit Institute of Cancer Research and Department of Pathology, 


Wayne State University College of Medicine, Detroit, Mich. . 

Although succinic dehydrogenase activity has been detected in the 
livers of mice during rapid growth following partial hepatectomy by 
Tsuboi, Yokoyama, Stowell and Wilson,’ no histochemical studies of 
this enzyme have been made. Seligman and Rutenburg? first demon- 
strated the enzyme in tissue sections by means of blue tetrazolium. 
However, this salt, as well as many others subsequently used, did not 
give precise enzyme localization. Improved results following the use 
of thin sections of 5 » and a new salt, 2-(p-iodophenyl)-3-(p-nitro- 
phenyl)-5-phenyl tetrazolium chloride (INT) was introduced by Pear- 
son and Defendi in 1954. The use of this salt was also found to 
provide quantitative data from single slide studies.* 

One of the difficulties with the tetrazolium salts is the size and con- 
tinued growth of formazan crystals following preparation. This has 
made the study of normal and, in particular, pathologic tissues ex- 
tremely difficult. In 1956 Tsou, Cheng, Nachlas and Seligman® and in 
1957-1958 Pearson®’ introduced two new tetrazolium salts in which 
the formazan was fine and particulate and crystallization did not 
progress with storage of slides. The new salts made it possible to study 
changes in succinic and other dehydrogenases in pathologic material 
with added confidence. A study of a number of dehydrogenases is now 
in progress.® 

Even though the tetrazolium salt used for succinic dehydrogenase 
gave rise to extremely fine particulate formazan, the latter was slightly 
lipid soluble, which tended to obscure the precise localization of the 
enzyme in tissues containing an abundance of lipids. Inasmuch as 
lipids accumulate in the liver following partial hepatectomy, a method 
was sought to remove lipids without destroying the enzyme. In 1950, 
Morton® demonstrated that n-butanol extracted the succinic dehydro- 
genase in homogenized heart tissue without affecting the enzyme. 
Numerous attempts by us to use this procedure in the pretreatment 


* This investigation was supported in part by research grant number C-2624 from the 
National Cancer Institute, United States Department of Health, Education and Welfare, 
and in part by Institutional Grants from the American Cancer Society, Inc., and the 
American Cancer Society, Southeastern Michigan Division. 

Received for publication, May 14, 1958. 
Presented at the Fifty-fifth Annual Meeting of the American Association of Patholo- 
gists and Bacteriologists, Cleveland, April 24, 1958. 
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of tissue sections met with partial success. It was found, however, that 
one of the main limiting factors was the need to use the lipid solvent 
in extreme cold. A large number of experiments were performed, and 
it was found that a mixture of n-butanol and ether (in a 1:1 ratio) at 
extremely low temperatures did not destroy the enzyme and permitted 
the preparation of tissue sections which, in addition, exhibited excellent 
structural preservation. Furthermore, this pretreatment resulted in an 
apparent dissociation of succinic dehydrogenase from other factors. 
It no longer reacted with tetrazolium salts, or did so only partially, and 
required the addition of phenazine methosulfate.’®"" 

The purpose of the present study is to show that the use of a 
new tetrazolium salt, 2,2’-diphenyl-5,5’-di-(m-nitropheny])-3,3’-(4,4’- 
biphenylene) ditetrazolium chloride, produces particulate formazan 
necessary for fine enzyme localization. When tissue is pretreated for 
the removal of lipids, succinic dehydrogenase may be studied histo- 
chemically during periods of rapid growth following partial hepa- 
tectomy. It is also desired to describe the changes in enzyme structure 
as occasioned by rapid changes in tissue growth and restitution. 


MATERIAL AND METHODS 


Small blocks of tissue (2 to 3 mm.) were taken from the livers of 
mice immediately following sacrifice. These were frozen at —70° C. in 
a bath of dry ice and alcohol, and placed in the Linderstrom-Lang 
cryostat to be sectioned at —20° C.®" Sections were cut at 5 m and 
stored at -25° C. for periods not exceeding 3 days. This length of 
storage did not affect the enzyme. From 15 to 18 slides were placed 
in a standard glass staining rack, inserted in a staining dish containing 
a mixture of 1:1 n-butanol and ether, precooled to —65° C. in Dewar 
flasks, one third filled with dry ice and ethanol. Slides containing tis- 
sues were pretreated in the n-butanol and ether mixture for 50 minutes. 
They were then washed in 3 changes of water for 1 to 2 minutes each, 
with agitation, and placed in Coplin jars containing the following 
incubating solution at 25° C. for 30 minutes: 

o.1 M sodium succinate, 5 cc. 
N,N-dimethylformamide, 5 cc. 
0.1 M phosphate buffer (pH 7.6), 5 cc. 
ditetrazolium chloride,* 10 mg. 
phenazine methosulfate (conc. 1 mg. per cc.), 1 cc. 
The N,N-dimethylformamide was used as a solvent for the tetra- 


* Supplied by Synthetical Laboratories, 5558 Ardmore Avenue, Chicago, Ill. Structural 
formula and nomenclature supplied by Cheronis.12 


Jan.-Feb.,1959 SUCCINIC DEHYDROGENASE IN THE LIVER I4I 


zolium salt. Slides were passed through water and 8o per cent ethanol 
for 5 minutes, washed in 3 rinses of water and mounted in glycerogel. 

Forty-six of 157 C3H male mice which had had partial (two thirds) 
hepatectomy were used for this experiment. They were sacrificed at 
21 hours, 2 to 10 days, 14 and 28 days. Sections of the liver were 
treated as described above. Control sections were taken from each 
animal during the operation. A total of 12 sections per animal were 
tested for succinic dehydrogenase, 6 with and 6 without phenazine 
methosulfate. In addition, sections from each animal were stained by 
hematoxylin and eosin with and without pretreatment with the 
n-butanol and ether mixture. Staining with Sudan black B™ was also 
carried out. 

RESULTS 

The specific morphologic appearance of the liver following partial 
hepatectomy is well known and will not be described. In general, our 
observations indicated a rapid demobilization of fat, its deposition in 
the cytoplasm of liver cells, and its disappearance after the third day. 
After the tenth day, the liver was restored to its original weight, and 
its microscopic appearance was within normal limits. 

The histochemical studies revealed striking alterations in succinic 
dehydrogenase activity during this period without return to normal at 


the time the liver weight and structure was completely restored 
(Table I). 


I 


Comparative Mean Intensity of Succinic Dehydrogenase Activity in Livers 
at Various Times Following Subtotal Hepatectomy 


Normal 21 hours 2 to 10 days 14 days 28 days 


3.040.026 2.520.029 1.7+0.022 2.2+0.044 4.240.049 


As indicated in the Table, the fall in the intensity of the formazan 
reaction indicating succinic dehydrogenase activity was significant in 
liver specimens at 21 hours, during the time of heavy lipid deposition 
in the parenchymal cells. A further significant fall was seen between 
the second to the tenth days. During this time, fat disappeared (after 
the third day), and rapid cellular growth began. This was completed 
by the tenth day. Succinic dehydrogenase had not returned to normal 
at 10 days, when the liver had regenerated, even though the cells 
appeared to be normal by conventional staining. A significant increase 
in enzyme intensity was seen on the 28th day. 

Some of the most striking features observed were those of actual 
alteration in the enzymatic histochemical appearance. Normally, suc- 


142 PEARSON, GROSE AND GREEN Vol. 35, No.1 


cinic dehydrogenase appears as particulate granules of formazan in the 
cytoplasm of liver cells around the portal areas, extending for a depth 
of one third of the lobule. The zone about the central vein is devoid of 
activity. This distribution was not changed following partial hepa- 
tectomy, with minor exceptions, but the character, size, and contour 
of the loci as demonstrated by formazan were altered. During the 
21-hour period, the formazan was no longer particulate but appeared 
as large round and ovoid globular aggregates. From the second to the 
tenth days the aggregates became smaller until they approached their 
normal size. At the 28th day they were again particulate. 


Microscopic Appearance 


Normal. In the normal liver the cytoplasm of liver cells in the peri- 
portal region contained extremely fine granular deposits of formazan 
at the sites of enzymatic activity. This occupied approximately the 
peripheral one third of the liver lobule. The zone around the central 
vein was nonreactive. Bile ducts, blood vessels, and Kupffer cells ex- 
hibited no enzyme activity (Figs. 1 and 2). 

Twenty-one Hours Following Hepatectomy. The general topographic 
disposition of succinic dehydrogenase remained as in the normal liver. 
Intensely positive formazan particles, with rounded and smooth con- 
tours, were present in aggregates within the cytoplasm of the cells. 
For the most part, these were nearly spherical and attained an average 
size of approximately 4 to 7 u. They were located within areas occupied 
by lipid globules, usually situated in the center of the globules (Fig. 3). 
In many instances, the formazan particles were arranged at the periph- 
ery and within the lipid globules where they assumed ‘‘sausage shapes” 
(Fig. 4). Although the majority of cells contained the large aggregates, 
certain portions of cells exhibited fine granular formazan or a series 
of size gradations. In frozen sections stained for lipids, the liver at 21 
hours showed large fat droplets occupying most of the hepatic cells. 
Where the droplets were very large, only the peripheral zone of the 
vacuole stained. In enzyme preparations in which lipids had been 
extracted, formazan granules appeared in the center and periphery of 
fat globules (Figs. 3 and 4). 

Two Days Following Hepatectomy. During this period the general 
topographic distribution of enzyme activity was about the same as at 
the 21 hour period and in the normal liver. The size of the aggregates 
was slightly smaller than at 21 hours and more fine, particulate for- 
mazan was present. 

Three to Four Days Following Hepatectomy. The aggregates of 
formazan-positive material were much smaller, averaging approxi- 
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mately 2 to 4 w. The distribution was somewhat altered, and the de- 
posits were more uniformly arranged throughout the entire extent of 
the lobule. However, the reaction was more intense around the portal 
areas (Fig. 5). 

Five to Ten Days Following Hepatectomy. The aggregates were 
much smaller than at earlier stages, measuring 1 to 2 mw in diameter. 
There were fine granules in the cytoplasm of cells concentrated mainly 
about the portal areas. A “spotty” type of enzyme activity was evident 
in scattered groups of cells which contained fine formazan deposits. 
These groups were manifest about the portal areas and showed varying 
intensities of enzyme activity (Figs. 6 and 7). 

Fourteen to 28 Days Following Hepatectomy. The granules of for- 
mazan were fairly uniform in size. The distribution was somewhat 
spotty but remained concentrated about the portal areas. The amount 
of enzyme activity was increased over that observed in the normal 
liver. The formazan deposits were fine and were distributed throughout 
the cytoplasm. Essentially normal enzymatic activity seemed to have 
been re-established (Fig. 8). 


DIscussION 


Most of the formazans produced with the tetrazolium techniques are 
soluble in fat. This may lead to false interpretation when lipids are 
removed in the course of technical procedures. Moreover, formazans 
are prone to form crystals which may obscure small foci of enzyme 
activity. The salt used in this study, 2,2’-diphenyl-5,5’-di-(m-nitro- 
phenyl)-3,3’-(4,4’-biphenylene) ditetrazolium chloride, has been 
shown by us®’ to be fine and particulate, and sections prepared with 
this salt can be kept for periods of 6 months or more without deteriora- 
tion. A “nitro BT” salt has been synthesized by Tsou and co-workers® 
which has essentially the same characteristics. These two new tetra- 
zolium salts have widened the potential scope of future histochemical 
investigations of this and other dehydrogenase systems. 

The demonstration of dehydrogenases in the liver has been particu- 
larly difficult, especially in pathologic conditions in which the mobili- 
zation of fat or marked changes in metabolism have interfered with the 
detection or quantitation of the enzyme. We have encountered this 
problem in the study of succinic dehydrogenase in liver tumors pro- 
duced by feeding p-dimethylaminoazobenzene."* The tetrazolium salt 
used was 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium 
chloride (INT). Because of the rapid development of large formazan 
crystals, it was necessary to investigate its distribution immediately 
after incubation. Slides kept for several hours were of no value in 
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determining the role of succinic dehydrogenase in the tumor. In regions 
where fat was present, the histochemical pattern underwent rapid de- 
terioration. 

If the lipids which interfered with the reaction could be removed 
prior to the histochemical procedure, the resultant reaction would be of 
more precise nature. A number of fat solvents were applied under 
varying conditions, but they all destroyed the enzyme at room temper- 
ature. It was apparent that it would be necessary to remove the lipids 
without destroying the enzyme. 

In 1950, Morton® was able to show that if n-butanol was used at 
temperatures of o to 2° C., the lipids would dissolve in it, and the pure 
enzyme could be precipitated in the water phase. It was believed that 
n-butanol had a unique lipophilic property and an especial affinity for 
phospholipids.®?5 No attempt had been made previously to apply this 
histochemically. Therefore, we prepared mixtures of up to 6 per cent 
of n-butanol and water and utilized these under a variety of conditions. 
Partial success was attained, but low temperatures could not be used 
because of the formation of ice crystals. Our observations indicated 
that the limiting factor was the temperature. In a series of experiments 
it was found that the use of a mixture of n-butanol and ether at —65° 
C. for 50 minutes did not destroy the enzyme but removed lipids as 
determined by the Sudan black B stain. After such treatment, the 
preservation of the cellular structure was excellent. The removal of the 
lipids permitted the demonstration of the enzyme or its altered activity 
with clarity. Following this procedure, however, the enzyme reacted 
feebly or not at all to the tetrazolium salt used, and phenazine metho- 
sulfate was required for demonstration purposes. This was in keeping 
with Singer and Kearney’s*® concept of the “pure” enzyme. Therefore, 
we felt that with such a treatment, we had presumably removed some 
of the “other carriers” referred to by Farber and Bueding™ from our 
histochemical preparations. This procedure is extremely helpful in the 
detection of certain enzymes in pathologic tissues containing a high 
lipid content. 

Tsuboi and co-workers? have shown that marked reduction of suc- 
cinic dehydrogenase follows partial hepatectomy in strain A male mice. 
Their observations were carried out postoperatively for periods up to 
28 days. They found that there was a rapid reduction of enzyme during 
the first day, followed by an increase and a return to normal levels on 
the tenth day. For their determinations they used the homogenate 
method of Schneider and Potter.’® No histochemical preparations were 
used. Novikoff and Potter,’’ using Sprague Dawley rats, studied suc- 
cinic dehydrogenase for a period of 48 hours following partial hepa- 
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tectomy. Their results also indicated a reduction of enzyme activity. 

Our results have shown a significant fall in succinic dehydrogenase 
as measured by visual formazan intensities 21 hours following partial 
hepatectomy. The enzyme activity was further diminished from the 
second to the tenth days. There was a partial restoration by the 14th 
day, but this was less than the activity noted at 21 hours. By the 28th 
day the activity was found to be above normal levels. This slow return 
of enzyme activity differed somewhat from that observed by Tsuboi 
and associates’ who noted a return to normal at 10 days when restora- 
tion of the liver was complete. Our own data also indicate that 
restoration of liver weight was complete at 10 days. However, succinic 
dehydrogenase had not attained normal activity at this time even 
though cytologic structure, as demonstrated by conventional staining, 
was normal. 

The differences in our observations from those of Tsuboi and co- 
workers’ may be due to a different biologic response in our strains of 
animals. Tsuboi used the A strain of mice; we have used the C3H 
strain. There may also be differences in the techniques that were used, 
since we have measured the intensity of formazan production, and the 
other investigators’ utilized succinoxidase activity as a function of 
oxygen uptake. 

The topography of succinic dehydrogenase distribution in the liver 
is of interest although there is little variation induced in the regenerat- 
ing liver. The enzyme activity is concentrated mainly about the portal 
areas and extends throughout approximately the outer third of the 
lobule. The cells surrounding the central vein are devoid of the enzyme 
as demonstrated by the tetrazolium salt method. This has been a 
constant observation in the use of both the modified tetrazolium salt 
and INT. Variation in incubation time and changes in substrate con- 
centration have not altered this phenomenon. No essential change in 
the distribution has been manifested in animals at 21 hours following 
partial hepatectomy. During the third to fourth postoperative days, 
the intralobular distribution of the enzyme appeared more uniform, 
but still maintained accentuation in the peripheral portions. From 5 to 
10 days postoperatively, the pattern was essentially that of the normal 
liver. There were, however, spotty areas unrelated to the peripheral 
zone in which enzyme activity was more intense. There was a con- 
tinued decrease in the intensity of formazan deposit throughout the 
14th day. At 28 days the distribution was normal. 

The constant nature of this distribution would seem to indicate dif- 
ferences in function in the various portions of the hepatic lobule, a 
relationship which becomes disturbed during rapid growth. Studies 
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under way in our laboratory of a number of other dehydrogenases in 
the liver (a-glycerophosphate, lactic, and malic dehydrogenase requir- 
ing DPN) indicate that their distribution differs from that of succinic 
dehydrogenase. The possibility that the distribution of succinic de- 
hydrogenase may reflect an association with the production of bile has 
been considered but has not been tested. 

One of the interesting findings which marked the course of liver 
regeneration was the variation in the size of the formazan-positive 
granules. Ordinarily, formazan produced by the salt we have used has 
a fine and granular appearance and a rather uniform distribution 
throughout the cytoplasm. During the 21 hour period following partial 
hepatectomy, the granules became extremely large and attained a size 
of 7 uw. The contours were smooth and round or occasionally oblong. 
They tended to aggregate in lipid deposits and were noted to be com- 
pressed and oblong at the periphery of fat globules. The remaining 
portion of the cytoplasm continued to exhibit fine granulation. From 
the second to the tenth days the aggregates became smaller and more 
numerous. At the 28th day there was complete restoration to the nor- 
mal enzyme pattern. The fact that the deposits were larger in the 
presence of lipid accumulation seemed to indicate that dispersion de- 
pended upon the nature of the surrounding medium. The deposits 
reflected enzyme activity, were insoluble in free lipid, and formed 
coarse aggregates in this state. This was a reversible process under the 
conditions of the experiment but under certain conditions could repre- 
sent a very early pathologic change. 


SUMMARY 


The histochemical demonstration of succinic dehydrogenase has been 
difficult particularly in pathologic materials because most tetrazolium 
salts used produce a formazan which is lipid soluble and deteriorates 
upon storage of preparations. A new tetrazolium, 2,2’-diphenyl-5,5’- 
di-(m-nitropheny])-3,3’-(4,4’-biphenyl) ditetrazolium chloride, has 
been used in these studies because the formazan produced has been 
finely particulate and stable in storage. Interfering lipids have been 
removed by subjecting tissue to pretreatment in a 1:1 n-butanol and 
ether mixture at —65° C. This has not destroyed the enzyme. 

The histochemistry of succinic dehydrogenase has been studied in 
livers of C3H mice subjected to partial hepatectomy at intervals during 
the period of rapid regeneration. Activity, as measured by the mean 
formazan intensity, was found to drop significantly during the first 21 
hours, and 2 to 10 days following hepatectomy. It had not returned to 
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normal on the tenth day although liver parenchyma appeared normal 
in conventionally stained sections. Restoration of activity was com- 
plete, however, by the 14th to 28th days. The enzyme activity was con- 
centrated about the portal areas and remained there rather constantly, 
with minor variations. This distribution differed from that of a-glycero- 
phosphate and other DPN dependent dehydrogenases. 

The distribution of enzyme loci could be clearly demonstrated in 
tissue pretreated with n-butanol and ether at —65° C., especially when 
lipids were abundant in the liver during the first 4 days after hepa- 
tectomy. With such pretreatment, the tissues reacted feebly or not at 
all with tetrazolium salts unless phenazine methosulfate was added. 
During the first 21 hours, enzyme active regions were manifested by 
large globules of formazan deposit which contrasted with the fine 
granular appearance in the normal liver. These coarse deposits pre- 
vailed in the areas occupied by lipid. During the third to tenth days 
the aggregates became smaller until they returned to normal size at 
14 to 28 days. 
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LEGENDS FOR FIGURES 


Sections illustrated were pretreated 50 minutes in n-butanol and ether (1:1) at 
-—65° C. They were then incubated 30 minutes at 25° C. with standard incubation 
solution containing nitroneotetrazolium. No counter stain was used. 


Fic. 1. Normal liver, showing succinic dehydrogenase activity. The enzyme indi- 
cated by formazan deposit is localized about portal areas. Parenchyma about 
the central vein is devoid of enzyme. X go. 


Fic. 2. High power magnification of normal liver, showing particulate deposition of 
formazan representing succinic dehydrogenase in cytoplasm of liver cells. X 600. 


Fic. 3. Liver at 21 hours following partial hepatectomy, showing the characteristic 
large ovoid formazan-positive deposits. In the lower portion of the photograph 
formazan-positive material may be seen within lipid globules. X 600. 


Fic. 4. Liver, 21 hours following partial hepatectomy. Formazan-positive material 
tends to be arranged as “sausage shaped” masses at the periphery of lipid 
globules. X 600. 
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5. Liver, 3 days following partial hepatectomy. An intense formazan deposi- 
tion is evident. Granules are smaller than those at 21 hours. X 600. 


6. Photograph of a “light” area of liver at 7 days, showing spotty restoration 
of enzyme activity. 600. 


7. Photograph of a “dark” area. showing spotty restoration of enzyme activity 
10 days after operation. For the most part, enzyme is distributed as fine par- 
ticles in the cytoplasm. Larger granules can be seen, however, in the upper 
portion of the photograph. 600. 


8. Liver, 28 days postoperatively. Succinic dehydrogenase activity is shown 
by uniformly distributed fine formazan grdnules. xX 600. 
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BOTRYOMYCOSIS * 


Donatp J. Winstow, Lt. Col., MC, U.S. Armyt 
From the Armed Forces Institute of Pathology, Washington, D.C. 

Botryomycosis is characterized by a chronic, suppurative, more or 
less granulomatous lesion in which the specific feature is the presence 
of fungus-like grains, or granules, within suppurative foci. These 
grains, unlike those of mycetomas and actinomycosis, contain non- 
branching bacteria which can be seen microscopically, especially when 
Giemsa or Gram stain has been properly applied to the tissue section. 
Bollinger’ discovered this disease in the horse in 1870, and in 1884 
Rivolta,? under the impression that it was caused by a true fungus, 
gave it the name botryomycosis. In 1913, Opie*® published the first 
report of a human case of botryomycosis in the United States, which 
was also the first account of visceral involvement. In this paper he 
reviewed the literature up to that time. The reports which he found, 
added to those subsequently published by other authors,* constitute 
at present a total of about 40 human cases. There is little doubt that 
infection of this type is much more common than this number would 
indicate. 

An analysis of the cases of human botryomycosis reported indicates 
that they fall into two broad anatomic groups: integumentary, with or 
without muscular and skeletal involvement; and visceral. The former 
distribution has been by far the more frequent. Occasionally the 
integumentary lesion begins as osteomyelitis which progresses to a 
chronic stage, with the development of fistulas and sinuses containing 
botryomycotic grains. Exposed surfaces of skin are more commonly 
affected, the hands, feet and head being the principal sites. In some 
cases a sequestrum or other foreign body has been associated with the 
lesions. Unexposed surfaces of the body, such as the breast, scrotum, 
labium majus; and perianal region, may also be the site of botryomy- 
cotic lesions, but often these are regions subject to trauma or bacterial 
contamination. 

The causative agent has been identified as a micrococcus in most of 
the integumentary infections; the staphylococcus was cultured in 5 
of 37 cases. In two instances a combination of staphylococcus and 
Escherichia coli was substantiated by culture. In one case, a granuloma 
of the face reported by Langeron,’ the etiologic agent was considered to 
have the appearance of an actinobacillus, but no cultures were obtained. 


* Received for publication, May 22, 1958. 
t Pathologist, Geographic and Infectious Disease Section, AFIP. 
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Reports of the visceral form of the disorder have been uncommon. 
After Opie’s® first description of a huge chronic botryomycotic abscess 
of the liver, it was 20 years until Beaver and Thompson® reported the 
first fatal instances of human actinobacillosis (botryomycosis) and 
described the existence of grains in the lesions. Then Fink,’ in 1941, 
cited a case of fatal visceral botryomycosis involving the liver and 
lung, in which the etiologic agent proved to be Staphylococcus aureus, 
the organisms being identified in sections and by culture. In 1948, 
Auger‘ reported 4 instances, one of which was fatal and was found to 
have multiple renal botryomycotic abscesses. A gram-negative bacillus, 
which resembled Actinobacillus lignieresi morphologically and cul- 
turally, was recovered. In 1946, Moulonguet and Gaske® reported a 
case in which the kidneys were the seat of botryomycotic lesions. The 
causative agent was considered, on morphologic grounds, to be a 
staphylococcus. 

Experimentally, lesions of botryomycotic type have been produced 
in animals by Magrou,® Aynaud,’® and Kimmelstiel and Easley.” 
Magrou and Aynaud each used staphylococci, the former to inoculate 
rabbits, and the latter, sheep. Kimmelstiel and Easley fixed a fishbone 
in the intestine of a rabbit so that the sharp end protruded into the 
lumen. They were able to obtain lesions resembling those of botryomy- 
cosis in the wall of the intestine opposite the sharp point of the fish- 
bone. Although their experiment was ingenious and produced lesions 
of botryomycotic type, their experimental approach did not parallel 
the conditions under which human botryomycosis develops in most 
instances. 

Little is known at present of the factors which cause certain bacteria 
to produce lesions of the botryomycotic type. Magrou® was of the 
opinion that the essential factor was a delicate balance between the 
virulence of the infecting agent and the tissue resistance of the host, a 
‘sort of symbiosis developing between micro-organism and host. Hen- 
rici,’* in working with experimental aspergillus infections in rabbits, 
correlated the onset of skin hypersensitivity with an alteration in the 
inflammatory reaction from a suppurative to a granulomatous form, 
and a change in the fungus to an actinomycetoid form. Drake, Sudler 
and Canuteson’* have suggested that botryomycosis is the result of a 
relative decrease in virulence of the organisms and an increase in 
resistance of the host. They called attention to the observations of 
several workers that cultures of Staphylococcus aureus isolated from 
botryomycotic lesions have a rather low virulence for experimental 
animals. 

Although it is difficult to locate cases of botryomycosis because they 
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are often incorrectly classified under another name, 8 have been found 
in the collections of the Armed Forces Institute of Pathology. The tis- 
sue in two cases was insufficient and unsuitable for the purposes of this 
study. One was an example of the fatal visceral variety, probably due 
to the staphylococcus, with lesions in the heart and kidney. The other 
was an instance of osteomyelitis of the foot, in which botryomycotic 
grains were found microscopically. The causative agent appeared to 
be a micrococcus. Six cases will be presented in order to illustrate 
certain features which may aid in differential diagnosis.* It will be 
noted that the original diagnosis in each instance was mycetoma, 
Madura foot, actinomycosis, or nocardiosis. 


CasE REPORTS 
Case 


A 60-year-old colored man (AFIP Acc. 811002) died with a severe, 
persistent, and refractory infection of the urinary tract. An organism 
of the Proteus group of bacteria had been recovered repeatedly from 
the urine. At necropsy, the kidneys and lungs contained numerous 
abscesses from which a Proteus micro-organism was isolated. 

Original Diagnosis. Nocardiosis or actinomycosis. 

Microscopically, the focal abscesses in the lung were surrounded by 
granulation tissue (Fig. 1). Near the center of such areas of suppura- 
tion were grains, which, under higher power, were seen to be bordered 
by clublike extensions of a homogeneous substance (Fig. 2). This 
feature of the granules may have prompted the original diagnosis. How- 
ever, special stains, such as the Gomori silver methenamine, failed to 
demonstrate either the branching filaments of Actinomyces and No- 
cardia, or the broad hyphae or spores of the higher fungi. In Giemsa 
and Gram stained preparations, small gram-negative coccobacilli were 
demonstrated in and adjacent to the grains. They were seen most 
clearly in Giemsa stained preparations under oil immersion (Fig. 3). 

Review Diagnosis. Botryomycosis, probably caused by a member 
of the Proteus group. pe 

A recurrent mass was excised for the third time from the dorsum of 
the foot of a 23-year-old man (AFIP Acc. 551642). Purulent material 
had been draining from it, but none was cultured. 


* Since the completion of this paper, two additional examples of botryomycosis have 
been received. One affected the integument of the knee; a micrococcus was the causative 
agent. The other was an example of the fatal visceral form, with abscesses in the prostate, 
kidney and lung. The organisms in the grains were gram-negative bacilli and a post- 


mortem culture of one of the abscesses yielded both Pseudomonas aeruginosa and 
Staphylococcus aureus. 
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Original Diagnosis. Questionable actinomycosis or mycetoma. 

Microscopically, the lesions consisted of focal granulomas with cen- 
tral suppuration. Grains were found in many of the suppurative foci. 
Gram stains revealed gram-positive cocci within the grains (Fig. 4). 
The Gomori silver methenamine method produced deep brown to black 
staining of the walls of the cocci (Fig. 5). There was evidence that the 
micro-organisms had reproduced by fission and not by budding. 
Neither branching filaments nor broader hyphae were found in the 
grains. 

Review Diagnosis. Botryomycosis, probably caused by a staphylo- 
coccus. 

Case 3 

A rubbery, lobulated mass arose in the distal palmar crease at the 
base of the right index finger of a 38-year-old white man (AFIP Acc. 
797995). A “ganglion” had been excised from the same region 4 years 
previously. 

Original Diagnosis. Mycetoma. 

On microscopic examination, an epithelioid granulomatous reaction 
was observed around a central suppurative zone which contained grains 
(Fig. 6). A multinucleated giant cell of the Langhans type was present 
near the periphery of the granuloma. Special stains revealed gram- 
positive cocci but no fungi within the grains. 

Review Diagnosis. Botryomycosis, probably caused by a staphylo- 
coccus. 

Case 4 

An 8-year-old Negro boy was admitted to a hospital because of an 
infected foot (AFIP Acc. 130847). At the age of 3, while he was 
running barefoot on his father’s farm, his foot was pierced by a piece 
of glass. The puncture wound did not heal completely and discharged 
thin, watery, blood-stained pus. The foot became enlarged and dis- 
torted, and multiple draining sinuses developed. Roentgenograms re- 
vealed advanced destruction of the bones of the foot. Cultures from 
the pus were said to have grown a segmented mycelial fungus. The 
mycelia were broad and produced chlamydospores. The foot was am- 
putated. 

Original Diagnosis. Madura foot. 

Microscopically, grains were seen within a suppurative lesion in a 
section stained with hematoxylin and eosin (Fig. 7). The Gram stain 
revealed many gram-positive cocci within one of the grains (Fig. 8), 
but other cocci did not stain well, presumably because they had degen- 
erated or were dead. Special stains for fungi were negative, except for 
Gomori’s silver methenamine, which stained the cocci well. The fungus 
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which was cultured is considered to have probably been a contaminant. 

Review Diagnosis. Botryomycosis with osteomyelitis, probably 
caused by a staphylococcus. 

Case 5 

A middle-aged white man (AFIP Acc. 842995) complained of a 
swollen submandibular lymph node. There was no history of a recent 
mouth infection. Cultures were not obtained. 

Original Diagnosis. Compatible with actinomycosis. 

Microscopically, grains with characteristic “clubs” along the periph- 
ery were noted in hematoxylin and eosin stained preparations (Fig. 9). 
Special stains for fungi were negative. A Gram stain revealed minute 
gram-negative coccobacilli near the edge of some of the grains. The 
Gomori silver methenamine stain failed to demonstrate these micro- 
organisms clearly, but a Giemsa stain revealed minute coccobacilli in 
abundance. 

Review Diagnosis. Botryomycosis, probably caused by a gram- 
negative coccobacillus. 

Case 6 

A 24-year-old white man (AFIP Acc. 230025) injured his right foot 
in 1945, but open reduction of a fracture was delayed until 1948. The 
foot became greatly swollen and indurated. Multiple ulcers and open 
draining sinuses developed (Fig. 10). Roentgenograms revealed a 
destructive process in the third, fourth and fifth metatarsal bones. 
The roentgenologist’s diagnosis was osteomyelitis. An amputation was 
performed through the right upper leg. No bacterial cultures were re- 
ported, but on Sabouraud’s glucose agar at room temperature a fungus 
grew and produced white aerial mycelia in 6 to 12 days. Microscopi- 
cally, ovoid and pyriform conidia appeared singly at the ends of long 
conidiophores. 

Original Pathologic Diagnosis. Madura foot. 

Microscopic examination revealed typical botryomycotic grains 
within suppurative foci. Special stains demonstrated cocci but no fungi 
in the lesions. This case and case 4 illustrate the necessity for correlat- 
ing the structural features of the grains with the cultural findings, since 
both cocci and fungi are frequent contaminants in cultures. 

Review Diagnosis. Botryomycosis with osteomyelitis, right foot, 
probably caused by a staphylococcus. 


DISCUSSION 


Infections which are characterized microscopically by the presence 
of granules may be grouped under the general heading “granular in- 
fections.” As a basis for therapy, 3 main categories of granular infec- 
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tions may be differentiated according to whether the causative agents 
are bacteria, filamentous fungi, or higher fungi with broad hyphae: 
(1) Botryomycoses: the granular bacterioses. Agents: fission fungi 
(bacteria). (2) Actinomycoses: actinomycosis; granular nocardiosis 
(nocardial mycetoma). Agents: filamentous fungi (branching bac- 
teria). (3) Mycetomas: regional mycotic granulomas. Agents: higher 
fungi with broad hyphae. 

Infections of this group may appear closely similar grossly, and 
errors in differential diagnosis are common on microscopic examina- 
tion. It is evident that certain bacteria under proper host and environ- 
mental conditions behave like certain fungi with respect to their 
pathologic effects on the host. Microscopic differentiation depends on 
the use of special stains and high power examination of the granules 
to determine the existence of fungi or bacteria. If special stains, such 
as Gomori’s silver methenamine and Gridley’s stains for fungi, fail to 
reveal fungal elements, it seems unlikely that they are present in viable 
and significant form. It is known that the Gomori fungus stain is 
capable of demonstrating even nonviable Histoplasma. It also stains 
the branching filamentous fungi and certain gram-positive bacteria. 
Bacteria generally stain well in Giemsa preparations, and these should 
be supplemented by Gram stains, such as that of Brown and Brenn, to 
aid in identification. Correlation of the clinical, morphologic, and 
cultural findings will allow specific identification of the infective agent. 
If the grains themselves could be washed and cultured, the etiologic 
agent might be grown and contaminants largely eliminated. The results 
of cultural studies should be supported by morphologic observations. 

The occurrence of “clubs,” knobby or smooth shells which form 
around micro-organisms in certain cases, is apparently a nonspecific 
reaction between the agent and the host,™* possibly related to hyper- 
sensitivity."* The substance is often eosinophilic and safranophilic, 
and responds in positive fashion to the periodic acid-Schiff reaction 
but in negative manner to mucicarmine and Gomori’s methenamine 
silver stains. “Club” or shell formation has been observed with a 
number of different fungi,’® bacteria,*®®" parasites, and even in 
response to inorganic material injected into animals.’” It has also been 
demonstrated in cultures of Actinomyces."* 

In case 1 it is believed that a micro-organism of the Proteus group 
was the infective agent. This opinion is based on the structural and 
cultural observations. No other reports of Proteus botryomycosis have 
been found in the literature. Etiologic agents which have been demon- 
strated previously, and the hosts in which they occurred are as follows: 
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Micrococcus: horse’; cattle’; pig?®; sheep’®; camel.?? 
Escherichia coli: Man.’*** Actinobacillus: Man**®; cattle.?* 

Although Berger, Vallée and Vézina’® and Auger‘ have suggested the 
term “actinophytosis” as a substitute for botryomycosis, such a change 
in nomenclature is a doubtful improvement. Actinophytosis signifies 
a lesion characterized by ray formation, produced by any plant micro- 
organism. Since ray formation is not a specific phenomenon and the 
grains of botryomycosis often do not exhibit ray formation, the prefix 
“actino-” is misleading. The suffix “-phytosis” is too general and does 
not apply specifically to a bacterial disease. The entire word, when 
spoken, may be confused easily with “actinomycosis.” Some ad- 
vantages of retaining the term “botryomycosis” would seem to be: 
(1) It is a term accepted and used by many authors. (2) The disorder 
in its various manifestations closely mimics, both grossly and micro- 
scopically, certain fungous diseases such as actinomycosis and myce- 
toma. (3) The prefix “botryo-” refers to the grapelike appearance of 
the grains; and, in the majority of cases, clusters of cocci in knob-like 
outgrowths may be said to give the grains this microscopic appearance. 
(4) The suffix “-mycosis,” although originally intended to imply a 
true fungus source, may still, with good reason, be retained because of 
the similarity of botryomycosis to certain true fungous diseases and 
because bacteria are usually classified as fission fungi. (5) Much con- 
fusion in the literature and in indices to the literature has resulted 
from failure to accept and define the term botryomycosis and to differ- 
entiate it from pseudobotryomycosis, pyogenic granuloma, granuloma 
telangiectaticum and granuloma pediculatum.*° 


SUMMARY 


Six new cases of human botryomycosis have been presented. In 4 of 
these, the etiologic agent was probably a staphylococcus; in one a 
gram-negative coccobacillus, and in one a member of the Proteus 
group of bacteria were identified. A review of the literature has failed 
to uncover any previously reported human case of botryomycosis due 
to a Proteus organism. 

In these “granular infections” the use of special stains for bacteria 
and fungi will allow a determination of the micro-organismal compo- 
nent of the characteristic granules and differentiation from other lesions 
due to fungi. In botryomycosis, the etiologic agents are bacteria and 
should be distinguished from actinomycosis and nocardiosis, in which 
the agents are filamentous branching fungi, and from mycetoma caused 
by the higher fungi with broad hyphae. 
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[ Illustrations follow ] 
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LEGENDS FOR FIGURES 


Fic. 1. Case1. Lung. A focal abscess contains grains and is surrounded by granu- 
lation tissue. Hematoxylin and eosin stain. X 60. 


Fic. 2. Case 1. Lung. Granules with peripheral “clubs.” Hematoxylin and eosin 
stain. X 800. 


Fic. 3. Case x. Lung. Minute coccobacilli in and adjacent to granules. Giemsa 
stain. X 1,500. 


Fic. 4. Case 2. Mass on dorsum of foot. Numerous cocci within grains. Brown 
and Brenn stain. X 1,500. 
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Fic. 


Fic 


Fic. 


FIG 


5. Case 2. Mass on dorsum of foot. The,cocci within a granule are clearly 
defined. Gomori methenamine silver nitrate stain. XX 1.500. 


.6. Case 3. Mass at base of right index finger. An epithelioid granulomatous 
reaction surrounds a central suppurative focus which contains grains. Hema- 
toxylin and eosin stain. X 100. 

7. Case 4. Foot. Several grains within a suppurative focus. Hematoxylin and 
eosin stain. X 100. 


.8. Case 4. Foot. Numerous cocci within a grain. Brown and Brenn stain. 
X 1,500. 
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Fic. 9. Case 5. Submandibular lymph node. A grain with peripheral “clubs.” 
Hematoxylin and eosin stain. X 400. 


Fic. 10. Case 6. Right foot. The many ulcers and sinuses account for the clinical 
resemblance to Madura foot. A. Dorsal aspect. B. Lateral aspect. C. Plantar 
aspect. 
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THE EFFECT OF CORTISONE AND ANTIBIOTIC AGENTS 
ON EXPERIMENTAL PULMONARY ASPERGILLOSIS * 
HERSCHEL SrmprANsky, M.D.,¢ and FriepMan, Ph.D. 

From the Departments of Pathology and Microbiology, Tulane University, 

School of Medicine, New Orleans, La. 

For many years pathologists have encountered rare instances of 
human infection with classes of fungi that are widely prevalent in the 
environment but are generally regarded to be saprophytic. These in- 
fections are seldom encountered except in persons who are seriously 
debilitated as a result of other disorders. An increasing number of 
such human infections with “saprophytic” fungi such as Aspergillus, 
Mucor, and Candida have been reported recently.** These have oc- 
curred chiefly, as in the past, in chronically ill patients but particularly 
in patients who have been treated with cortisone or ACTH and with 
broad spectrum antibiotic agents during some stage of their ailments. 

During the past 3 years, 18 patients with secondary fungal infections 
of the lungs have been observed on the Tulane Autopsy Service at 
Charity Hospital of Louisiana in New Orleans.* The causative organ- 
isms were Aspergillus, Candida, and Mucor (or Rhizopus), and most 
of these patients had been treated with cortisone or ACTH and anti- 
biotic agents. In contrast, during the preceding 5-year period, only 4 
similar instances of pulmonary infection were observed. 

Some insight into the mechanisms by which antibiotic agents and 
cortisone might increase host susceptibility to fungal infections has 
been gained by experimental studies. It appears that antibiotic drugs 
can exert such an effect by acting on either the fungi themselves,’® the 
host,?°"* or both. Cortisone, however, is believed to act chiefly by 
inhibiting certain of the host defenses against infection.’ 

Our own observations of secondary fungal infections of the lungs in 
chronically ill patients treated with steroid hormones or antibiotic 
agents led us to investigate the possible effects of these substances on 
the susceptibility of mice to pulmonary infection by air-borne fungi. 
Under similar circumstances, altered susceptibility to Aspergillus,” 
Mucor,?*> and Candida**:?*** has been shown to exist in experimental 
animals. In most instances the method of inoculation with the fungus 
has not simulated conditions of natural exposure. In our experiments 
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mice were treated with cortisone and antibiotic drugs and then sub- 
jected to inhalation of aerosols containing dry, viable spores of Asfer- 
gillus flavus. This method of exposure probably simulates more closely 
the mechanism by which human beings acquire fungal infections of the 
lungs. 

EXPERIMENTAL METHOD 

Mice are normally resistant to infection with aspergillus and other 
“saprophytic” fungi. Hence they are suitable animals for testing the 
possible role of cortisone and antibiotic drugs in reducing resistance. 
White female mice of the Carworth Farms CF1 strain were used in all 
experiments except one, in which male Taconic Farms mice were used. 
The mice were inoculated subcutaneously with 5 mg. of an aqueous 
suspension of cortisone acetate (Cortone Acetate, Merck Sharp & 
Dohme) and intramuscularly with 30,000 units of long-acting penicillin 
(Bicillin,®© Wyeth) two days before exposure to spores of Aspergillus 
flavus. Another antibiotic agent, tetracycline hydrochloride (Achro- 
mycin,® Lederle) was added to the water (5 mg. per roo ml.) which 
the animals drank freely throughout the course of the experiment. At 
least two control groups were investigated simultaneously. One re- 
ceived spores but no cortisone or antibiotic agents, and the other 
received cortisone and antibiotic agents but no spores. 

The exposure chamber consisted of a closed bell jar containing a 
cylindrical wire mesh (Fig. 1). One outlet was available to provide 
fresh air when necessary and another for escape of excess air. Spores, 
obtained by vacuum suction from dried cultures of Aspergillus flavus, 
were sprayed into the chamber with a powder atomizer. The strain 
used was originally cultured from a human lung which was the seat of 
aspergillosis. 

Mice were exposed to low, medium, or high concentrations of spores 
for 10 to 30 minutes and were observed for 3 weeks or until death. In 
some experiments designed to study the sequence of the pathologic 
lesions and the fate of the inhaled spores, mice were sacrificed at inter- 
vals following exposure. 

The approximate number of spores retained in the lungs was deter- 
mined by sacrificing 2 or 3 mice of each group immediately after expo- 
sure. The left lungs were removed and individually homogenized in 
sterile saline. Plate counts were then performed using suitable dilu- 
tions of the homogenates. Mice exposed to 3 different concentrations 
of spores retained approximately 360,000, 60,000 or 24,000 viable 
spores per left lung. 

In order to determine whether cortisone and antibiotic agents given 
separately and in combination influenced the susceptibility of mice to 
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lethal pulmonary aspergillus infection, two experiments were performed 
(Table I). In each, mice were divided into 4 experimental groups, all 
of which were exposed to high concentrations of spores. One group 
received cortisone and antibiotic agents, a second received cortisone 
alone, a third received antibiotic drugs, and a fourth received no sup- 
plementary treatment. 


Taste I 
Seven-Day Mortality in Mice Inhaling Aspergillus flavus Spores 


Treatment 
No. Mortality 
of mice Antibiotic at end 
in group Spores* Cortisonet agentst of 7 days 
16 ” + + 14/16 (88%) 
15 + ° 10/15 (67%) 
7 + ° + 0/7 + (0%) 
22 + ° ° 0/22 (0%) 
20 ° + + 0/20 (0%) 
20 ° + ° 0/20 (0%) 
° + o/7 (0%) 
20 ° ° ° 0/20 (0%) 


* Approximately 360,000 viable spores retained per left lung. 

t 5 mg. cortisone acetate, 2 days before exposure to spores. 

t 30,000 units Bicillin® 2 days before exposure to spores; tetracycline hydrochloride, 
5 mg. per 100 ml. in water bottles. 


One experiment was performed to learn whether the inhalation of a 
large number of dead spores would produce a pneumonitis. Mice with 
and without treatment by cortisone and antibiotic agents were exposed 
to spores previously heated at 103° C. for 24 hours. Their nonviability 
was confirmed by failure to grow on an agar medium. Some mice were 
sacrificed at intervals up to one week and others were observed for 10 
weeks. 

Two experiments were designed to determine whether multiple doses 
of cortisone would increase susceptibility to infection with lower con- 
centrations of spores. In these experiments the mice were given injec- 
tions of cortisone (2.5 mg.) at intervals throughout the 2 to 3 week 
period of observation in addition to the regular pretreatment with 5 mg. 
of cortisone 2 days before exposure. In one experiment (# 323, Table 
III) the mice inhaled a low concentration of spores and were given 
supplementary injections of cortisone at 2, 5, 8, 11, 14, and 17 days 
after exposure to the spores. In a second experiment (# 321, Table 
III) the animals inhaled a medium concentration of spores and the 
supplementary injections of cortisone were given 2 and 5 days after 
exposure. 
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All animals were necropsied. Portions of lung were cultured, and 
other portions were fixed in 10 per cent formalin. Sections were stained 
with hematoxylin and eosin and with the Gridley stain.”* 


RESULTS 


No mice died after treatment with cortisone alone, antibiotic agents 
alone, or a combination of the two. No mice died after receiving spores 
alone or in combination with antibiotic drugs. When mice treated with 
cortisone or with cortisone and antibiotic agents were exposed to spores, 
a high mortality resulted. Table I summarizes the data obtained when 
cortisone and antibiotic therapy were given individually or in com- 
bination to mice exposed to a high concentration of spores. The group 
that received cortisone and antibiotic drugs had an 88 per cent mor- 
tality by the seventh day while the group that received cortisone had 
a 67 per cent mortality at 7 days. This difference is not statistically 
significant. In this experiment and those mentioned next, no deaths 
occurred in any of the animals beyond the seventh day, and any mice 
which survived beyond 7 days were apparently healthy at the end of 
the 3 week period of observation. 

The results obtained in 3 experiments in which mice were exposed 
to 3 different concentrations of spores are presented in Table II. No 
mice died after treatment with cortisone and antibiotic agents alone or 
after receiving spores alone. When mice treated with cortisone and 
antibiotic drugs were exposed to spores, a high mortality resulted, the 
rate being dependent upon the dose of spores. At 7 days, mice exposed 
to the high concentration of spores had an 88 per cent mortality; mice 
exposed to the medium concentration, a 50 per cent mortality, and mice 
exposed to the lowest concentration, a 30 per cent mortality. 

The lungs from all of the control animals in these experiments were 
normal in appearance at the time of sacrifice, 3 weeks after inhaling 
spores. The lungs from the experimental mice which died following 
exposure to spores and treatment with cortisone and antibiotic agents 
were diffusely hyperemic, the seat of consolidation, and contained 
numerous hemorrhagic areas. Extensive hemorrhagic bronchopneu- 
monia was demonstrable microscopically (Fig. 2). In Gridley stained 
sections masses of hyphae could be seen filling the lumens of small 
bronchi and invading through bronchial walls into the neighboring 
soft tissue and blood vessels. In the blood vessel lumens, thrombi 
made up of fibrin and a feltwork of interlacing hyphae were often evi- 
dent. The hyphae appeared to breech anatomic barriers in their spread 
and often extended indiscriminately through such structures as bron- 
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chial cartilage and arterial walls (Figs. 3 and 4). The infiltration by 
hyphae in many instances failed to elicit any detectable tissue response. 
In complete necropsy examinations on mice with extensive hemor- 
rhagic bronchopneumonia and numerous mycelial thrombi in pulmo- 
nary blood vessels, evidence of extrapulmonary embolic spread of the 
fungus was not encountered. 

In the two experiments in which mice with and without cortisone 


Taste II 


The Effect of Cortisone and Antibiotic Drug Administration on Fatal Pulmonary 
Aspergillosis in Mice Inhaling Varying Concentrations of Aspergillus flavus Spores 


Treatment 


Experiment 
and Anti- No. Day of death after exposure Mortality 
group Cor- biotic of at end 
no. Spores* tisonet agents$ mice 2 2 of 7 days 
320 A Low dose + 10 3/10(30%) 
B Low dose ° ° 10 o/10 (0%) 
D ° ° ° 10 o/10 (0%) 
318 A = Medium dose + + 8 4 4/8 (50%) 
B Medium dose ° ° 9 0/9 (0%) 
Cc ° + + (0%) 
D ° ° ° 10 (0%) 
317 A High dose + + 3s t 7/8 (88%) 
High dose ° ° 0/8 (0%) 
Cc ° + + 10 0/10 (0%) 
D ° + ° 10 0/10 (0%) 
E ° ° ° 10 o/10 (0%) 


* Low dose: approximately 24,000 viable spores per left lung; medium dose: approxi- 
mately 60,000 viable spores per left lung; high dose: approximately 360,000 viable spores 
per left lung. 


7 5 mg. of cortisone acetate 2 days before exposure to spores. 


t 30,000 units of Bicilllin® 2 days before exposure to spores; tetracycline HCl, 5 mg. 
per 100 ml., in water bottles. 


and antibiotic treatment were exposed to high concentrations of spores 
and sacrificed at varying intervals, the following observations were 
made. Mice from both groups sacrificed immediately after exposure to 
spores showed no lung lesions. However, on microscopic examination 
many spores were seen on the mucosal cells of bronchi and bronchioles. 
These were unaccompanied by inflammatory reaction. Mice of both 
groups sacrificed one day after exposure were found to have bronchitis 
and early bronchopneumonia (Fig. 5). The only detectable difference 
was that spores alone were seen in the lungs of the control animals, 
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while in the lungs of the experimental animals hyphae as well as spores 
were present. This observation suggests that the cortisone and anti- 
biotic treatment may have an effect on the organisms as well as the 
host. After 4 days the bronchopneumonia was found to be undergoing 
resolution and many macrophages were present in the lungs of the 
control mice (Fig. 6). Spores, many within macrophages, were readily 
identified, but no hyphae were present. At this time the lungs of the 
experimental mice showed an extensive hemorrhagic bronchopneu- 
monia (Fig. 7). Hyphae were seen throughout, and no macrophages 
were demonstrable in the pulmonary exudate. At 7 days the lungs of 
the control animals were essentially normal whereas 88 per cent of the 
experimental animals had died. In the lungs of the control mice, spores 
could be identified in the tissue and in macrophages until the seventh 
day, and even though they were not detected microscopically after 
longer time intervals, a few could be cultured after two weeks. In no 
instance were hyphae observed in the lungs of the control mice. 

In the experiment in which mice were exposed to massive clouds of 
heat-killed spores, no animals died, either in the group treated with 
cortisone and antibiotic agents or in the untreated group. No gross or 
microscopic lesions were observed in the mice sacrificed 4 or more days 
after inhaling spores. In mice of both groups sacrificed 1 to 3 days 
after exposure, spores were seen in the bronchi, but no cellular response 
was manifest. 

Table III summarizes the results of the two experiments which were 
designed to determine whether continuation of cortisone treatment 
after inhalation of spores would further increase susceptibility. Mice 
inhaling the low concentration of spores (Experiment 323) and receiv- 
ing multiple injections of cortisone continued to die throughout the 3 
week period of observation, with a final mortality of 86 per cent. 
Among those which inhaled the medium concentration of spores (Ex- 
periment 321), the cumulative mortality was 92 per cent. These results 
are in contrast to the much lower mortality observed in the mice re- 
ceiving only one injection of 5 mg. of cortisone 2 days before exposure 
to approximately the same low or medium concentration of spores 
(Table II). The pathologic lesions in these experiments were similar 
to those described in the preceding studies. 


DIscussION 


The experiments indicate that normal mice can inhale large numbers 
of spores of Aspergillus flavus and suffer only a mild self-limiting 
bronchitis and pneumonitis. However, pretreatment with cortisone 
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and antibiotic drugs renders the mice highly susceptible to fatal pulmo- 
nary aspergillosis. It is apparent from the results listed in Table I that 
cortisone rather than the antibiotic treatment is chiefly responsible for 
the enhanced susceptibility. 

Two independent observations suggest that even extremely low con- 
centrations of air-borne spores may be sufficient to induce severe pul- 
monary infection in occasional cortisone-treated animals. Sagi and 
Lapis,** while treating rats with cortisone and studying tumor trans- 
plants, found that many of their animals died with pulmonary asper- 
gillosis. They attributed this to the cortisone treatment. Moreover, in 
our own experiments, on one occasion a leak developed in the exposure 
chamber and a small number of spores escaped into the room air. Sub- 
sequently, several mice in a control group which had received corti- 
sone and antibiotic agents but no spores died (animals originally in 
Experiment 321 C, Table III, but not listed). At necropsy these ani- 
mals were found to have pulmonary aspergillosis, attributed to infec- 
tion with spores which had escaped into the air of the room. 

The pathologic events disclosed by sacrificing mice at varying time 
intervals are of interest. The control animals which inhaled spores in 
large numbers developed a transient purulent bronchitis and broncho- 
pneumonia within a day, but the pneumonia was resolved by the fourth 
day, and at 7 days the lungs were histologically normal. Spores but no 
hyphae were demonstrable within the lungs throughout this period. 
Though many of the spores remained viable for several weeks, as dem- 
onstrated by culture, they appeared to be unable to germinate into 
hyphae. The inhibition of germination may be attributed to some aspect 
of the host’s natural resistance. Phagocytosis of the spores by macro- 
phages may be one of many protective mechanisms involved. In ani- 
mals exposed to spores and treated with cortisone and antibiotic drugs, 
a bronchitis and bronchopneumonia developed within a day. This was 
at first indistinguishable from that present in the controls. However, 
it progressed to a hemorrhagic bronchopneumonia and produced a high 
mortality within 7 days. In these animals hyphae developed within 24 
hours and were soon seen invading throughout the lungs. Under the 
conditions of our experiments cortisone failed to inhibit the acute in- 
flammatory response. This is in agreement with the observations of 
some workers*>** but contrary to those of others.?**° However, the 
macrophage response found in the untreated mice after a few days was 
not seen in any of the cortisone- and antibiotic-treated mice, either in 
those which died or those which were sacrificed. This indicates that 
the macrophage response in the lungs may be partly or completely 
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inhibited by cortisone. Such a conclusion is consistent with the obser- 
vations of others.?””° 

The gross and histologic lesions in the lungs of cortisone-treated mice 
exposed to spores of Aspergillus flavus closely resemble those found at 
necropsy in human cases of pulmonary aspergillosis.* Although ter- 
minal pulmonary aspergillosis is a relatively rare complication even in 
chronically ill patients, our experiments suggest that cortisone and 
antibiotic treatment may increase susceptibility to this and possibly 
other serious fungus infections in human subjects. 


SUMMARY 


Untreated mice and those receiving cortisone and antibiotic drugs 
were exposed to inhalation of aerosols containing dry, viable spores of 
Aspergillus flavus. Untreated mice and those given antibiotic agents 
and subsequently exposed to spores in large numbers developed only 
transient nonfatal pneumonitis. The administration of cortisone and 
antibiotic drugs or of cortisone alone rendered animals that inhaled 
spores highly susceptible to fatal pulmonary aspergillosis. The number 
of spores inhaled and the duration of cortisone treatment influenced 
the mortality. 

Inhaled spores rapidly germinated into hyphae which penetrated 
throughout the lungs in mice treated with cortisone and antibiotic 
agents, but did not germinate into hyphae in the lungs of control mice. 
Heat-killed spores produced no evident lesions in control or experi- 
mental mice. 

The increased susceptibility of cortisone- and antibiotic-treated mice 
to air-borne spores of Aspergillus flavus strengthens the hypothesis 
that a similar increase in susceptibility to air-borne saprophytic fungi 
may develop in certain chronically ill patients receiving these agents. 
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LEGENDS FOR FIGURES 


Fic. 1. Exposure chamber consisting of a closed bell jar containing a cylindrical 
wire mesh. The powder atomizer used to spray dried spores is at upper right. 


Fic. 2. Lung of mouse exposed to spores and treated with cortisone and antibiotic 
drugs, showing hemorrhagic bronchopneumonia with vascular thrombosis (lower 
left). Hematoxylin and eosin stain. X 100. 


Fic. 3. Lung of mouse exposed to spores and treated with cortisone and antibiotic 
agents, showing hyphae invading through bronchus and into adjacent blood 
vessel (upper right). The double membrane in the vessel (upper right) is the 
elastic lamina. Gridley stain. X 55. 


Fic. 4. Higher magnification of blood vessel in Figure 3, showing hyphae penetrat- 
ing the elastic lamina. Gridley stain. X goo. 
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5. Lung of mouse treated with cortisone and antibiotic drugs and sacrificed 
one day after exposure to aerosols containing viable spores. Lung shows acute 
bronchitis and early bronchopneumonia. Control mice at this time interval 
showed the same lesion. Hematoxylin and eosin stain. X 145. 


6. Lung of control mouse sacrificed 4 days after exposure to aerosols contain- 
ing viable spores, showing extensive macrophage response surrounding a 
bronchus. Hematoxylin and eosin stain. X 145. 


7. Lung of mouse treated with cortisone and antibiotic agents and sacrificed 
4 days after exposure to aerosols containing viable spores. There is extensive 
bronchitis and bronchopneumonia. An artery contains a thrombus (lower left). 
Hematoxylin and eosin stain. 145. 
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EXPERIMENTAL INFECTION OF MICE AND MONKEYS 
BY ACANTHAMOEBA * 


C. G. Cutsertson, M.D.; J. W. Smit, Ph.D.; H. K. Conen, D.V.M., 
and J. R. Minner, MS. 


From The Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, Ind. 

Acanthamoeba castellanii’* and Vahlkampfia debilis®*® are members 
of related genera of the family of Amoebidae.’ Such amebas have been 
characterized as “free living,” ‘“coprozooic,” or as “parasitic” upon 
fungi and have not been found pathogenic for any species of animal."*" 
Both types have been found in cultures of fungi or yeasts.*® They also 
produce lysis of plate cultures of selected fungi or bacteria.***® 
Acanthamoeba has been found in monkey kidney tissue cultures by 
two groups of investigators.?° 

This report describes observations on Acanthamoeba first observed 
by us in tissue sections procured from monkeys and mice which had 
been inoculated with fluid from tissue cultures thought to contain an 
unidentified virus.’* Since the suspected virus was not neutralized by 
available antiviral serums against any of the known agents, it was 
believed to represent a new agent. The unknown agent appeared in the 
course of tissue culture safety tests of poliomyelitis vaccine. It was 
encountered in both uninoculated cultures and in those inoculated 
with the vaccine. Since unknown agents under these circumstances 
must, in the interest of safety, be carefully studied, a series of pro- 
cedures which include animal pathogenicity tests are required. Sixteen 
monkeys received intracerebral, intraspinal, and intramuscular injec- 
tions of unfiltered, uncentrifuged, and undiluted tissue culture fluid. 
They were also given a single dose of 50 mg. of cortisone acetate 
according to the standard test utilized.’* All monkeys died in 4 to 7 
days with a prostrating illness but with no evidence of paralysis. 
Forty 20-gm. Swiss white mice were also given intracerebral injections 
of .o3 to .o5 ml. of the same fluid, but received no cortisone. These 
died in 3 to 4 days. 

The brains and spinal cords of these animals were sectioned and 
studied histologically and were found to exhibit both severe chorio- 
meningitis and severe destructive lesions with suppuration at the sites 
of injection. There were many organisms which were identified as 
amebas lying in the inflammatory exudate and also in otherwise nor- 
mal-appearing nervous tissue. Following these observations, samples 


* Presented at the Fifty-fifth Annual Meeting of the American Association of Patholo- 
gists and Bacteriologists, Cleveland, O., April 26, 1958. 
Received for publication, May 9, 1958. 
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of the fluid which had been preserved were examined microscopically, 
and the motile amebas were easily identified, mixed with floating tissue 
culture cells. Further studies on fluid from which the amebas were 
removed, both by tissue culture and animal inoculation, revealed no 
evidence of viral or bacterial agents which might have been associated 
with the amebas. 

The observation pertaining to the severe damage to the central 
nervous system and the fact that the amebas did not all remain at the 
sites of injection but showed the ability to migrate im vivo led to the 
additional studies reported in this paper. 

The strain isolated was sluggishly motile in the tissue culture or 
other artificial medium at room temperature and showed characteristic 
spine-like pseudopods. The ameba exhibited a contractile vacuole, and 
a single nucleus containing a large karyosome was easily observed in 
the fresh state. The motility was greatly enhanced when the ameba 
was suspended in saliva or tears or in sterile preparations of hog gastric 
mucin. The reasons for this increase in motility have not been ex- 
plained. The amebas did not phagocytize red cells but did cause a 
plaque-like clearing on cultures of Salmonella typhosus, and, as in the 
case of other amebas of this group previously reported, caused clearing 
of plate cultures in the case of some organisms but failed to do so in 
others. The trophozoites were readily soluble in bile and one per cent 
deoxycholate. Culture methods for their detection in biological mate- 
rials such as blood, pus, etc., were not studied or developed. The 
organism divided by mitosis and in culture often appeared joined to- 
gether after division by intracellular septums somewhat reminiscent 
of an organoid arrangement. The rounded amebas measured approxi- 
mately 30 w. In unstained tissue culture preparations, the amebas bore 
a superficial resemblance to “damaged” tissue culture cells. 

The cysts and precysts, which appeared in the tissue cultures but 
were not readily demonstrable in the trypticase soy medium, formed 
clusters which on superficial examination were quite suggestive of 
groups of yeast cells, but the uniform size, the absence of budding 
forms, the presence of typical nuclei, and the pore-like structure in the 
cyst wall differentiated them from yeast cells. Further studies permit- 
ting more definitive classification are to be published in a subsequent 
paper. 

The structure of the ameba in stained sections was quite character- 
istic in fresh lesions, but as the defense process altered the features of 
the ameba, recognition became increasingly difficult. Hematoxylin and 
eosin stained preparations were preferable to any other method thus 
far used, but there was often little or no differentiation in the staining 
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qualities of the tissue cells and the amebas. It thus became necessary 
to detect the organisms by the pattern of their nuclei since the cyto- 
plasm of the amebas often was identical in appearance to that of 
mononuclear phagocytes. The round nucleus with a large karyosome, 
which usually stained purple or slightly red in formalin-fixed tissue, 
was the only distinctive feature. The ameba was almost always sur- 
rounded by a clear zone, which often helped to locate it on low power 
magnification. Bizarre forms resembling some of the cysts described in 


the literature have been seen, but these have not been identified with 
certainty. 


MATERIAL AND METHODS 

Cultures of Acanthamoeba used experimentally were subcultures 
made by inoculation of 40 ml. of monkey kidney cell culture fluid into 
Povitsky bottles containing one liter of trypticase soy broth (Baltimore 
Biological Laboratory), pH 7.3, and grown 7 to 10 days at 37° C. on 
a reciprocating rocker platform such as is used for cultivation of 
Maitland type kidney cultures in the production of poliomyelitis virus. 
It has now been learned that virulent cultures of this organism can 
also be produced by serial transfer on trypticase broth for 3 gener- 
ations. Ameba counts were performed, utilizing a white biood cell 
counting chamber. Usually the cultures contained from 200,000 to one 
million organisms per ml. 


Animal Inoculation 


Mice. Swiss white mice weighing 15 gm. were anesthetized with 
ethyl ether to a point of falling. Intranasal inoculation was effected 
by holding the mouse back down, nose slightly up, and placing .o1 to 
.03 ml. of the fluid over the nares; respiratory efforts caused it to enter 
the respiratory tract. For intravenous inoculation, 0.5 ml. of fluid was 
injected into the tail vein. Intracerebral inoculation was accomplished 
by injecting .o3 ml. of fluid into the brain, and intraspinal inoculation 
by introducing .03 ml. of fluid into the meningeal space lateral to the 
cord through a transverse skin incision in the mid-dorsal region.'* 
Inoculums of 0.2 ml. of fluid were also injected subcutaneously into 
various sites in the midline over the mid-dorsal region. In addition, 
0.5 ml. of fluid was injected intraperitoneally in some mice. 

Monkeys. Intravenous inoculation was carried out by the injection 
of 15 ml. of culture fluid into the anticubital vein of two 4-pound 
rhesus monkeys. The monkeys, which were observed daily, were bled 
from the femoral vein for antibody studies before inoculation and at 
weekly intervals thereafter. Two ml. of culture was introduced into the 
right ventricle of four 4-pound rhesus monkeys anesthetized with amo- 
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barbitol sodium (‘Amytal,’ Lilly). Two of these received 50 mg. of 
cortisone acetate each day for 3 days. The monkeys were bled at 9 days 
and sacrificed 16 days after inoculation. 


Complement Fixation Tests 


Antigen was made by concentrating the trypticase culture fluid con- 
taining amebas killed with 1:4,000 formalin solution. The suspension 
was concentrated by centrifugation; supersonication was carried out for 
5 minutes, and the sediment diluted to a concentration equivalent of 
roughly one million organisms per ml. Whole live amebas were not 
sufficiently antigenic to be employed as antigen. The complement fixa- 
tion method of Bengston* was used with one hour incubation at 37° C. 


RESULTS 


The intravenous mouse inoculation experiments were followed by 
pulmonary granulomas containing many amebas and caused death of 
the mice only when very large doses were given. 

In mice, the more interesting lesions followed intranasal inoculation. 
With large inoculums (2,000 to 4,000 amebas in .03 ml. of fluid), a 
spectacular lesion was induced. The nasal mucosa was penetrated and 
destroyed, and by direct extension the olfactory bulbs were invaded 
and also extensively damaged. The lungs were the seat of consolida- 
tion, and the amebas invaded pulmonary veins causing severe destruc- 
tion. They were carried to the systemic circulation and could be 
demonstrated in renal glomeruli, spleen, and heart. There was consid- 
erable tendency to migrate into tissue about the blood vessels. 

The minimum infectious intranasal dose of amebas has not been 
determined after several attempts. In some cases large inoculums 
(3,000 to 5,000 amebas) were not followed by a high percentage of 
invasions, and in other instances as few as 75 amebas invaded and 
killed over half the mice inoculated. Small doses tended to cause 
death by pulmonary involvement while larger doses were followed by 
brain invasion. The latter were often accompanied by pulmonary 
lesions, and death usually occurred rapidly. Studies in several mice 
sacrificed at 24 and 48 hours following instillation indicated that the 
amebas could traverse the mucosa and enter the olfactory bulb via 
the olfactory nerve within 24 hours. 

Attempts to infect mice by intragastric instillation were not success- 
ful. Intraperitoneal and subcutaneous inoculation did not produce 
death of the animals, and histologic studies 2 weeks after inoculation 
showed no lesions. Pathologic studies at shorter intervals after inocu- 
lation have not been made. Intraspinal injection was followed by 
invasion of the cord and paralysis. 
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In order to determine antibody response to live amebas in monkeys, 
two of four 4-pound rhesus monkeys were given intravenous injections 
of tissue culture fluid (15 ml.) containing an uncounted number of 
amebas (estimated in retrospect as approximately 20,000 per ml.). 
The test and control animals were observed for a period of 5 weeks. 
No clinical signs were manifest. Necropsy findings were grossly nega- 
tive in all 4 animals. On microscopic examination, the brains of the 
monkeys showed lymphocytic choriomeningitis and mild granuloma- 
tous inflammation of the cerebral meninges, but no amebas could be 
identified in these lesions. There were no significant lesions in other 
tissues or in the control monkeys. 

The results of the complement fixation tests (Table I) suggested 
that an antigenic stimulus had been applied and withdrawn with a 
rapid disappearance of the specific antibody. This was somewhat 


I 


Results of Complement Fixation Tests after Intravenous Injection 
of Live Acanthamoeba 


Complement fixation titer* 
Intravenous 


Monkey inoculum Prior to 

no. (ml. culture) inoculation 14 days 21 days 28 days 35 days 
F-5635 15 o 16 8 4 2 
F-5636 15 o 8 8 4 2 


* Reciprocal of highest serum dilution giving at least a 2+ reaction. 


reminiscent of the decline of reagin in patients with early syphilis 
under intensive treatment. The failure to demonstrate amebas in the 
tissues would seem to indicate that the positive complement fixation 
test was dependent upon the continued presence of the amebas in the 
animal tissues. 

In order to study the lesions which might be produced in monkeys 
when the amebas were distributed via the systemic circulation, 2 ml. 
of a culture containing about 200,000 amebas per ml. was introduced 
intracardially into the left ventricle of four 4-pound rhesus monkeys. 
Two animals were given cortisone as described and were sacrificed in 
16 days. Lesions appeared only in the brain in these two animals. In 
monkey C-889 a yellowish lesion, approximately 1 cm. in diameter, 
was found in the meningeal surface of the right parietal lobe. This 
proved to be a superficial brain abscess over which was a severe but 
localized meningitis. In monkey C-896 no meningeal lesion was en- 
countered, but a similar abscess was found in the left occipital lobe. 
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Amebas were demonstrated in the abscess contents by smear in both 
cases. Histologic examination showed no alterations except in relation 
to the abscesses; there were necrosis and a marked acute inflammatory 
exudate containing numerous amebas. The other two monkeys received 
no cortisone and remained symptomless. They were sacrificed on the 
38th day. Gross and microscopic examination in these animals revealed 
neither lesions nor amebas, but it is suspected that more detailed in- 
vestigation might have demonstrated them. 

Table II shows the results of complement fixation tests in these 
monkeys. No correlation can be made between the presence of lesions 
and the antibody titer. Cortisone did not suppress the development of 
antibody except possibly in one of the test monkeys. The variation in 


Taste II 


Results of Complement Fixation Tests after Intracardial Injection 
of Live Acanthamoeba 


Ameba Complement fixation titer* 
Monkey Cortisone inoculated Lesions 
no. (50 mg.) (2 ml.) observed 3/20 3/27 4/1 
C-889 3/Q-10-11 3/11 Brain abscess 3/27 
C-896 3/9-10-11 3/11 Brain abscess 3/27 8 128 — 
C-895 None 3/11 None 8 4 4 
C-897 None 3/11 None 4 256 128 


* Reciprocal of highest serum dilution giving at least a 2+ reaction. 


response suggests the possibility that some monkeys were previously 
sensitized. Unfortunately, pre-inoculation blood samples were not ob- 
tained. It cannot be determined, therefore, whether or not the animals 
had pre-existing complement fixing antibodies before inoculation. We 
have found on testing approximately 100 “normal” monkeys that occa- 
sional monkeys have antibody titers as high as 1 to 8. 


DIscuSsSION 


The possibility of concomitant pathogenic virus, bacteria, or fungus 
was considered early in the study; thus far none has been demon- 
strated. Other observers have had little success in growing bacteria or 
fungi, once phagocytosis by amebas has occurred. Admittedly, it is 
very difficult to eliminate the contributory significance of a virus by 
any method. There is no question, however, that the Acanthamoeba is 
able to enter the body by its own power and may be able to do so in 
nature as well. The potentiality of repeated damage to organs and the 
possibility of a true or mechanical vector role are suggested by these 
experiments. By its capacity to penetrate the mucous membrane, this 
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ameba might conceivably assist microbial infectious agents in breaking 
through the natural barriers. 

The Acanthamoeba, like that reported by Negroni and Fischer,® is 
bile soluble. This may explain its failure to infect when ingested. The 
great increase in motility which is seen when the organism is placed in 
saliva, tears, and sterile gastric mucin might contribute to its invasive 
capacity in the nasal cavity. There is evidence to suggest that the 
ameba may multiply in the mucus of the nasal cavity; thus a small 
inoculum may grow into a larger one before invasion occurs. One 
cannot be certain, in the absence of effective investigative methods, 
whether very few amebas could indeed invade the mucous membrane. 
If this were the case, however, entrance into the animal body, occur- 
ring naturally, would be followed by limited lesions. 

The histologic similarity of the organisms to degenerated mononu- 
clear cells in ordinary preparations makes it difficult to detect them in 
lesions. A specific staining method for this purpose has not yet been 
devised. Since the numbers involved in any natural infection may be 
quite small, it is likely that immunologic methods, such as the fluores- 
cent antibody technique and hypersensitivity tests, may be necessary 
for evaluation of the role of the ameba in diseases of animals other than 
mice. 

This paper has dealt only with the phenomenon of invasion and the 
acute phase of the reaction to Acanthamoeba. Its importance in chronic 
disease is yet to be determined. Further study of related strains of 
Acanthamoeba are indicated, and the distribution of pathogenic forms 
in nature require investigation. 


CONCLUSIONS 


A strain of Acanthamoeba similar to that described by Castellani, 
Douglas, and others has been isolated from monkey kidney tissue cul- 
ture. This proved to be pathogenic for mice and to a limited extent for 
monkeys. 

The implications of these observations have been outlined and future 
investigation suggested in order to determine whether Acanthamoeba 
and related genera are of importance in naturally occurring disease 
processes. 
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LEGENDS FOR FIGURES 


1. Roller tube monkey kidney tissue culture. Two separate groups of Acan- 
thamoeba are seen at the margin of partially destroyed portions of the cell 
sheet. Unstained. X 400. 


2. Acanthamoeba trophozoites from trypticase soy medium suspended in 
mucin preparation. The organisms have very active motility when thus sus- 
pended. Unstained. X 4,000. 


(Figs. 3 to 9, inclusive, represent lesions observed in mouse no. 19209-3.) 


3. Nasal mucosa. Ameba invading mucous membrane. Three organisms are 
near the surface and two others are deeply embedded. Hematoxylin and eosin 
stain. X 1,000. 


4. Nasal mucosa. Ameba beneath epithelium. Mouse inoculated 24 hours 
before necropsy. Spinous pseudopods are seen. Hematoxylin and eosin stain. 
X 1,000. 
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5. Mouse head, frontal section at level of eyes. Forebrain is hemorrhagic 
unilaterally over a zone of destroyed nasal mucosa. Hematoxylin and eosin 
stain. X 50. 


6. Mouse forebrain. Approximately midline in the less severely affected 
frontal lobe shown in Figure 5. A collection of amebas is seen in the brain 
substance. This process caused death of the mouse in 4 days after intranasal 
instillation. Hematoxylin and eosin stain. X 500. 


7. Mouse lung, showing consolidation with many amebas in pulmonary alveoli. 
Pulmonary vein is invaded and lumen contains amebas. Hematoxylin and 
eosin stain. X 100. 
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Fic. 8. Mouse lung, pulmonary vein. Two amebas are seen beneath the endothelium 
and several can be seen in the lumen. Hematoxylin and eosin stain. X 1,000. 


Fic. 9. Mouse kidney. Two amebas are seen in glomerular capillaries. Hematoxylin 
and eosin stain. X 400. 


Fic. 10. Monkey no. C-896, brain. Occipital lobe of brain showing a recent ab- 
scess in which Acanthamoebas were demonstrated. The lesion followed intra- 
cardial inoculation and cortisone treatment. 
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OXIDIZED TANNIN-AZO METHOD FOR PROTEIN IN TISSUES * 
Kenpat C. Drxon, M.D., Ph.D. 
From the Department of Pathology, Cambridge University, Cambridge, England. 

Tannic acid can combine with protein present in sections of fixed 
tissues.'* The tanned sections have a whitish appearance.* This bound 
tannin is readily detected by development of an inky black color with 
ferric salts..* The addition of o.1 N HCl to the solution of tannic acid 
substantially augments the capacity of the tissues to bind tannin; this 
indicates that positively charged basic groups in proteins are the prin- 
cipal loci responsible for binding tannic acid.* If these basic amino 
groups of the tissue proteins are masked by fixation in formaldehyde, 
little tannic acid can be attached subsequently; fixation by agents not 
containing formaldehyde is thus a prerequisite for the detection of 
cellular protein by utilizing its tannophilic powers. 

By treatment with ferric salts after attachment of tannin, Salazar* 
and Amado?® studied the distribution of tannophilic substances in the 
hypophysis, thyroid, stomach, pancreas and kidney. More recently 
Dixon* showed that the chromophilic Purkinje cells of the cerebellum, 
which contain substantially more protein than the chromophobic 
Purkinje cells, also contain much more tannophilic material detectable 
by immersion in tannic acid and subsequent treatment with ferric 
chloride. 

Metallic salts of low solubility may, however, be precipitated in the 
tissues remote from the original location of their anionic components. 
Colloidal nuclei in the tissues or cells may determine the sites of pre- 
cipitation;®’ artifacts of this kind vitiated much of the early work on 
the cellular location of hydrolytic enzymes. An attempt was therefore 
made to locate the tannin attached to tissue proteins by making the 
bound tannin participate in covalent union to form a colored dye as 
opposed to utilizing an ionic interaction with metallic salts. The method 
described below was devised with this object. 


MATERIAL AND METHODS 


The tissues studied included cerebral cortex (rabbit), cerebellum 
(rabbit), skin (rabbit, 5 to 9 days old), liver (rat) and kidney (rat). 
Immediately after death of the animal, small slices or strips of tissue 
were removed and immersed in Carnoy’s fluid. 

Following fixation in Carnoy’s fluid for 2 hours the tissues were 


* Received for publication, July 3, 1958. 
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transferred to ethanol. After passage through 3 changes of ethanol 
(duration, 4 to 6 hours in all), the tissues were immersed overnight in 
chloroform; they were then transferred to wax (3 changes over 6 
hours). Sections 5 » in thickness were cut, placed on slides, and incu- 
bated in an oven at 60° C. overnight. This treatment firmly attached 
the sections to the slides. Sections used for the oxidized tannin-azo 
method (as well as for other methods involving the use of tannic acid) 
were thus affixed to slides without employing any adhesive. 


Reagents for Oxidized Tannin-azo Method 


Tannic acid-HCl: Dissolve ro gm. of tannic acid (British Drug 
Houses, Ltd.) in distilled water; add 25 ml. N HCl (concentrated 
HCl, specific gravity 1.1800, diluted to 10 times its volume with dis- 
tilled water), and make up to 250 ml. with distilled water. 

Periodic acid: 0.5 per cent (weight per volume) HIO,°2H,0O in dis- 
tilled water. 

Diazotized o-dianisidine: Dissolve 100 mg. of brentamine fast blue 
B salt (Imperial Chemical Industries, Ltd., Dyestuffs Division) in 100 
ml. of ice-cold buffer solution (pH = 4.0) made by mixing 82 ml. of 
o.2M aqueous acetic acid and 18 ml. of 0.2M aqueous sodium acetate. 
This solution contains free diazonium ions liberated from the stabilized 
product of diazotization of o-dianisidine. The solution should be kept 
in the refrigerator and used on the day it is prepared. 


Oxidized Tannin-azo Method 


1. Remove wax from sections with xylene. Wash briefly in ethanol 
and then in running tap water for 5 minutes. Wash in distilled water. 

2. Immerse sections in tannic acid-HCl in a Coplin jar for 10 min- 
utes. The sections become white in color. 

3. Wash with 3 changes of distilled water. 

4. Place sections on staining rack and flood with two changes of 
aqueous periodic acid; allow this to act for 5 minutes. During this 
stage the sections become brownish yellow in color (if sections are 
cleared and mounted at this juncture, they appear pale yellow). 

5. Wash with 3 changes of distilled water. 

6. Immerse for 10 minutes in ice-cold diazotized o-dianisidine at 5 
to 8° C. in the refrigerator. During this stage the sections become dark 
salmon red. 


7. Wash in distilled water (3 changes) or in running tap water, fol- 
lowed successively by ethanol and xylene. Mount in D.P.X. neutral 
mountant. 
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Sections of each tissue studied, treated as above but with stage 4 
omitted, were also examined. These unoxidized sections served as con- 
trols; they developed only a feeble color. 


Use of Formaldehyde to Mask Reactive Groups in Tissue Proteins 


After stage 1 in the foregoing method, sections are immersed over- 
night in 3.6 per cent aqueous formaldehyde and are then washed thor- 
oughly in running tap water and distilled water. The sections are 
subsequently treated by all the other stages of the oxidized tannin-azo 
method. These sections give only a very faint coloration. 


Tannin and Oxidized Tannin Detected by Ferric Chloride 


Oxidized tannin (as well as tannin) held in the tissues can also be 
detected by treatment with ferric chloride, as opposed to being coupled 
with diazotized o-dianisidine. 

Sections treated directly with ferric chloride after tanning and wash- 
ing (i.e., after stage 3 above) become inky black in color.* For this 
purpose, a solution containing 10 gm. of FeCls*6H2O dissolved in 
water and made up to roo ml. (not 250 ml. as inadvertently stated 
previously*) with water, is allowed to act for 1 minute. 

After tanning followed by oxidation with periodic acid (i.e., after 
stage 5 above), subsequent treatment for 1 minute with ro per cent 
(weight per volume) aqueous FeCl,*6H,O gives a conspicuous olive 
green color to the sections. These sections, when washed in distilled 
water and passed through ethanol and xylene, give good permanent 
preparations on mounting in D.P.X. neutral mountant. 


Solutions Used for Observations on Oxidation of Tannic 
Acid in Vitro 


Dilute tannic acid: Tannic acid-HCl as prepared above, diluted 1:10 
with distilled water. 

Periodic acid: As prepared above. 

Ferric chloride: 10 gm. of FeCl;*6H,O made up to 100 ml. with dis- 
tilled water. 

Sodium hydroxide: N NaOH in aqueous solution. 

Baryta: o.1 N Ba(OH), in aqueous solution. 

Diazotized o-dianisidine: As prepared above. 

Oxidized tannic acid: Dilute tannic acid treated with an equal vol- 
ume of periodic acid. For comparison with this “oxidized tannic acid,” 
dilute tannic acid was diluted further with an equal volume of water 
So as to contain an equivalent concentration of phenolic acid. 
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RESULTS 
Oxidized Tannin-azo Method 


Tanned sections became faint yellowish brown on treatment with 
periodic acid; when subsequently immersed in diazotized o-dianisidine, 
the color of the sections rapidly changed to deep salmon red. 

Figure 1 shows a section of rabbit cerebellum treated in this manner. 
The cortex is stained more strongly than the white matter, and the 
chromophilic Purkinje cells, which are known to be specially rich in 
protein,* are colored with conspicuous intensity. Figure 2 illustrates, 
at higher magnification, 3 chromophilic and one chromophobic Purkinje 
cells (also shown in Fig. 1); the chromophilic cells are stained much 
more darkly than the chromophobic cell. This method also demon- 
strated the presence of abundant protein in the neuropil of the molec- 
ular layer and in the glomeruli of the granule cells of the cerebellar 
cortex. In cerebral cortex the chromophilic neurones were stained 
more darkly than the chromophobes; the neuropil of the cortical gray 
matter of the cerebral hemispheres was also strongly colored. 

Figure 3 shows cells from the liver (rat) similarly stained by the 
oxidized tannin-azo method. The granules of chromatin in the nuclei 
and the nuclear membranes react strongly. The cell membranes are also 
prominent. In the cytoplasm small intensely stained particles are 
visible, as well as larger more feebly colored masses. The dark particles 
appear to correspond with the basophilic components of hepatic cyto- 
plasm which are so readily stainable by hematoxylin. 

Subcutaneous fat from a 5-day-old rabbit is illustrated in Figure 4; 
the lipocytes shown in this, figure may be contrasted with the hepatic 
cells of Figure 3. In the lipocytes an intense reaction with the oxidized 
tannin-azo method is confined to the peripheral films of cytoplasm, 
which enclose spherical empty spaces previously occupied by globules 
of fat. 

Figure 5 shows a section of skin from a 9-day-old rabbit. The deeper 
layers of the epidermis are colored with intensity. The nuclei of the 
prickle cells are paler than the cytoplasm which is strongly stained; 
the cell membranes are also prominent. The stratum corneum is feebly 
colored and the keratinized portions of hairs are unstained; the medul- 
lary cells of the hairs, however, give a definite reaction (Fig. 5). 


Omission of Various Stages in Oxidized Tannin-azo Method 


Tanned sections not treated with periodic acid gave only a very 
faint coloration on subsequent immersion in diazotized o-dianisidine. 
When tanned sections were mounted after oxidation with periodic acid 
and without subsequent coupling with the diazo reagent, they were 
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very faint yellow in color. Tanned sections oxidized with periodic acid 
and then treated with sodium hydroxide changed to dark red brown, 
but the darkly colored material rapidly dissolved out of the tissues and 
entered the fluid in which they were immersed. Treatment of untanned 
sections with diazotized o-dianisidine, even after oxidation with periodic 
acid, gave hardly any detectable coloration. 


Masked Active Groups 


Sections of cerebrum, cerebellum, liver and skin were immersed over- 
night in 3.6 per cent aqueous formaldehyde. These sections were then 
treated by the oxidized tannin-azo method. Coloration was very sub- 
stantially inhibited, although other sections, stained simultaneously, 
but not pretreated with formaldehyde, gave the usual deep salmon red 
coloration. Coloration of tanned sections by ferric iron was similarly 
inhibited by pretreatment with formaldehyde. 


Oxidized Tannin Detected by Ferric Iron 


Tanned sections treated with ferric chloride (after stage 3) became 
blue black in color. After tanning and subsequent oxidation with 
periodic acid (i.e., after stage 5), some sections were treated with ferric 
chloride instead of diazotized o-dianisidine. These sections rapidly 
assumed an olive green color. Figure 6 shows a chromophilic and a 
chromophobic Purkinje cell in the cerebellar cortex stained by this 
method. The deep olive green of the chromophilic Purkinje cell was a 
conspicuous feature. The ferric salt of oxidized tannin was olive green 
in contrast to the blue black color of ferric tannate itself. 


Some Properties of Oxidized Tannic Acid 


Tannic acid-HCl, the prime reagent for the oxidized tannin-azo 
method, is brownish yellow in color. This solution gave a deep brown 
precipitate on treatment with an equal volume of periodic acid. When 
diluted 1:10 with water, the tannic acid-HCl reagent was scarcely 
colored. This diluted solution was used for investigating the oxidation 
of tannic acid by periodic acid with the following results: 

On treatment with an equal volume of periodic acid, dilute tannic 
acid became pale golden brown in color; this golden brown solution 
will be referred to as oxidized tannic acid. For comparison with oxi- 
dized tannic acid, the dilute tannic acid was further diluted with an 
equal volume of water. This latter solution will be referred to as tannic 
acid. 

Ferric chloride (1 drop) gave a deep indigo blue color with tannic 
acid (2 ml.), but with freshly prepared oxidized tannic acid (2 ml.) a 
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dark olive green precipitate was formed on the addition of ferric 
chloride (1 drop). In tanned sections, as we have seen, after oxidation 
with periodic acid, a similar olive green color was given by treatment 
with ferric chloride. 

Tannic acid turned yellow on addition of an equal volume of N 
NaOH;; the resultant solution slowly darkened at its surface in contact 
with air. Oxidized tannic acid immediately became deep golden red in 
color on similar addition of sodium hydroxide. 

The addition of barium hydroxide to tannic acid (in equal volumes) 
gave a blue green precipitate, but with oxidized tannic acid a red brown 
precipitate followed similar mixture with baryta. 

An equal volume of diazotized o-dianisidine gave a pale salmon red 
color on addition to tannic acid. Oxidized tannic acid became deep 
salmon red in color when similarly treated with diazotized o-dianisidine; 
within a minute of mixture a dark red precipitate became visible. This 
intensely colored red precipitate flocculated in about 15 minutes, leav- 
ing a colorless supernatant fluid. 


DISCUSSION 


Tannic acid bound to the tissues is oxidized by periodic acid to form 
a yellowish compound which may then be coupled with diazotized 
o-dianisidine to form an intense salmon red dye. In this way tannic 
acid held by tissue protein may be visualized by covalent union to 
form a conspicuously colored compound. 

Previous methods for locating tannic acid attached to tissues involve 
the formation of colored ferric salts’* or the reduction of complex 
diamine silver ions to metallic silver.* The oxidized tannin-azo method 
avoids some of the potential artifacts introduced by possible dissocia- 
tion of metallic salts or the precipitation of metals and salts at sites 
remote from their point of formation. This method depends on coupling 
oxidized tannic acid to a diazonium compound by covalent linkage to 
form an azo dye, as opposed to forming a colored salt by the more 
readily reversible attachment of a metallic ion. The site of tanning in 
the tissues is thus located with greater precision. 


Nature of Tannophilic Loci in the Tissues 


Tannic acid is most effectively bound at acid pH; this suggests that 
positively charged amino groups in the tissue proteins are the loci 
responsible for attachment of tannin. This view was substantiated 
by the observations on sections pretreated with formaldehyde. These 
sections gave a relatively poor coloration either with the oxidized 
tannin-azo method or with the tannate-iron technique. Formaldehyde 
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combines with both -NH, and —NH groups in tissue proteins; it is 
likely that the former are mainly concerned in rapid tanning as applied 
to sections. The combination of formaldehyde with amino groups in 
the protein may thus mask their capacity to bind tannin. Elimination 
of amino groups by the action of nitrous acid is known to diminish the 
power of hide powder to take up tannin.® The effect of formaldehyde, 
in inhibiting the development of a strong color in sections treated by 
the oxidized tannin-azo method, probably depends on similar inactiva- 
tion or masking of the tannophilic loci in the tissues. 

It is thus probable that the oxidized tannin-azo technique detects 
positively charged loci in the tissue proteins. As these loci include the 
amino groups of the tissue proteins, the necessity for avoiding fixatives 
containing formaldehyde is comprehensible. 


Composition of Oxidized Tannin 


Without oxidation by periodic acid the tannin held in the tissues 
does not effectively couple with diazotized o-dianisidine to form a 
highly colored compound. It is therefore relevant to consider the na- 
ture of the product of oxidation, which is subsequently coupled to 
form the intense salmon red dye. 

When tannic acid in solution is oxidized with periodic acid, a brown 
color develops. The resulting yellow brown solution gives reactions with 
ferric iron, NaOH, Ba(OH),. and with diazotized o-dianisidine which 
differ markedly from those given by the original unoxidized tannic 
acid. It is apparent that a new compound is formed. Similarly the 
tannic acid bound to tissues is converted into a new derivative by 
oxidation with periodic acid; this oxidized product in the tissue sec- 
tions gives an olive green ferric salt and a red brown color with alkali, 
and it also couples with diazotized o-dianisidine to form an intensely 
colored dye which is firmly held to the tissues. 

The tannic acid bound to tissue sections when oxidized by periodic 
acid, thus has properties similar to those of oxidized tannic acid in 
solution. It is likely, therefore, that oxidation by periodic acid causes 
the same change in the constitution of bound tannic acid as is effected 
in solution. 

Some of the color reactions of oxidised tannic acid are similar to 
those described for ellagic and luteic acids, which can be formed from 
tannic acid by oxidation with arsenate. Another possibility, however, 
is that oxidation of tannic acid, which itself contains o-quinol hydroxyl 
groups, gives rise to an o-quinone. Ramachandran and Sarma” 
treated various dyes containing o-quinol groupings (including alizarin 
red S and ellagic acid) with alkaline periodate; they noted a change of 
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color and concluded from absorptiometric observations on the resultant 
solution that o-quinones are formed as the products of oxidation. It 
seems likely that tannic acid, which also contains hydroxyl groups in 
o-quinol position, may be oxidized similarly to an o-quinone by periodic 
acid. Such a quinone derived from tannic acid would still contain one 
hydroxyl group in each aromatic nucleus, since tannic acid is a vicinal 
trihydroxy compound. Hydroxy quinones can, moreover, be coupled 
in acid solution with diazonium salts to form azo dyes.’*?*_ This would 
account for the formation of an intensely colored azo dye on the addi- 
tion of diazotized o-dianisidine to oxidized tannic acid. 

According to this view, the rapid change in color of the tanned sec- 
tions from white to brownish yellow on treatment with periodic acid 
was due to the oxidation of the tannin bound in the tissues to an 
o-quinone; this latter compound, which was still held by the tissue 
proteins, could then be coupled with diazotized o-dianisidine to form 
an intensely colored azo dye. Tannic acid in solution was similarly oxi- 
dized, and the resulting compound was also convertible to a red 
insoluble dyestuff by treatment with diazotized o-dianisidine. The 
constitution of the dye formed is still uncertain, but its formation from 
tannic acid held in the tissues affords a convenient and rapid method 
for revealing the location of cellular protein. 


SUMMARY 


Tannic acid can be bound to proteins in sections of fixed tissues. 
This bound tannic acid is oxidized by periodic acid to a brownish yel- 
low compound which can then be coupled with diazotized o-dianisidine 
to form an intensely colored salmon red azo dye. The sequence of 
reactions enables the site of cellular protein to be located with precision. 

Without oxidation by periodic acid, tanned sections are only feebly 
colored on treatment with diazotized o-dianisidine. Observations on 
tanned sections, as well as on tannic acid in solution, indicate that the 
oxidized tannin-azo method depends on the covalent union of a product 
of oxidation of the tannic acid held by the tissues with a diazonium salt. 
The resulting azo dye is firmly attached to the tissue proteins. 

The product of oxidation of tannic acid by periodic acid, which may 
be an o-quinone, can also be detected in the tissues by its capacity to 
form an olive green ferric salt. 

Treatment of tanned sections with formaldehyde inhibits subsequent 
coloration by oxidation and coupling. This observation confirms the 
view that amino groups in cellular proteins are the loci revealed by the 
oxidized tannin-azo method. Pretreatment with formaldehyde effec- 
tively masks these reactive groups. 
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The oxidized tannin-azo method demonstrates abundant protein in 
cells of the liver, kidney, epidermis, cerebrum and cerebellum. The 
chromophilic and chromophobic Purkinje cells of the cerebellum are 
well differentiated by disparity in their content of protein. 
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Fic. 1. Cerebellum of rabbit stained by oxidized tannin-azo method. The cortex is 
strongly stained. The chromophilic Purkinje cells are colored intensely; chro- 
mophobic Purkinje cells are also visible. X 114. 


Fic. 2. Cerebellum of rabbit stained by oxidized tannin-azo method. Higher mag- 
nification of part of the same field shown in Figure 1, illustrating 3 intensely 
stained chromophilic Purkinje cells and one chromophobic Purkinje cell. X 450. 


Jan—Feb., 1959 OXIDIZED TANNIN-AZO METHOD 209 


2 


210 


Fic. 


Fic. 


Fic. 


DIXON Vol. 35, No.1 


3. Liver of rat stained by oxidized tannin-azo method.  X 1,070. 
4. Subcutaneous fat of rabbit stained by oxidized tannin-azo method. X 450. 


5. Abdominal skin of young rabbit stained by oxidized tannin-azo method. The 
cells of the malpighian layer of the epidermis are colored intensely. X 420. 


6. Cerebellum of rabbit colored olive green by ferric chloride after tanning 
and subsequent oxidation with periodic acid. A chromophilic Purkinje cell is 
stained much more strongly than an adjacent chromophobic Purkinje cell. 
X 410. 
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